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PREFACE 

During the past few years so niueli fruitful research work luus 
seen carried out in niitallography, orystallography, eleotro- 
;heniistry, colloid chemistry and geo-chemistry that we are enabled 
;o approach the subject of inetaLs in an altogether new spirit. It is‘ 
aow possible to suggest reasons f(jr phejiomena which at one time 
ippeared inexplicable, and to defect regularities where, once the 
'acts seemed chaotic. Advantage should surely be taken of the 
lew aspect of the subject in the te.xtbooks. The traditional 
practice of giving long " catalogues of salts ” and empirical accounts 
)f metallurgical processes, is no doubt of use for books of reference. 
Hut in books intended for continuous reading, such a method is 
:ar too unin.spiring, and should Ix' abandoned now that knowledge 
las i^dvanced sufficiently to offer something better. 

In this biM)k, an attempt is made to correlate cau.se and effect, 
ind to introduee su.-b theoretical views as will serve to connect 
:l*e known facts in an ordered and elegant sequence. The book 
IS intended for the advanced student of inorganic and metallur- 
qcal eiiemistry, and for thos<!,engaged in research in these subjects. 
The industrial chemist will, I hope, also lind it of assistance, whilst 
XTtain portions (e.g. those dealing with woik-hardening, recrystal¬ 
lization, the effect of impurities on metals, and corrosion) shotild 
prove useful to the engineer. * 

The difficulties whic^Ti J^ave e?j)i riene<‘d in writing the HSbk 
have served to convince me’that the work is really needed, ^uoh 
nformntion which I regard as being eif the greatest importance I 
have fmind scattered thi%igh the recent volumes of the scientific 
and technical journals—in many cases in joiynhls which are Hot 
lommonly considered as bqing devote(| to chenustry at all, and^ 
which appear sometimes to have escaped the notice of the writers 
ofjStandard chemiclil textboftks. 

Of the four volusfts, the ^rst is of a generalize<i chafactc1>. Jt 
begins with an Introduction in winch I have endeavoured to con- 
denBe^.he elementary principles of general chemist(;y, physics and 
gedlogy, a Klhowle'3^?of which the rcadqir is assumed, in the bod^ of 
tfie work, to possess. The hod^ of V^iluine I is divided into twq 
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“ Th<' StuiJy ‘’f Metallic State ” (Metallography) and 
■■ The Study of the Ionic State ” (Electrochemistry). The njetal- 
lographic portion includes the effects of deformation, annealing 
and alloying on the proixjrties of metals ; the electrochemical Mrtion 
includes such subjects as the structure of precipitates, the colloidal 
state, electro-deposition and corrosion; it closes with a chapter 
on radioactivity. By the treatment of the metallography and' 
(^ectrochemistry of metals* in a general fashion, with example 
chosen from individual metals, these two subjects are presented' 
in a more satisfactory manner than if they were introduced piece¬ 
meal in the sections devoted to the different metals. In addition, 
a great deal of wearisome repetition is avoided in the subsequent 
volumes. 

The chapters dealing with electrochemistry have presented 
special diClicultics. I do not believe it possible to obtain a proper 
understanding of the clu-mistry of metals without some knowledge 
of electrochemistry and colloid chemistry. In order to throw 
open these subjects to all, I have made the treatment, as far as 
possible, non-mathematical. A great obstacle to the attractive 
presentation of electrochemical principles is the. barbarous char¬ 
acter of the nomenclature in use ; 1 have not felt justified in 
introducing a new noinenclaturt^, but have tried to make the best 
of the existing terms, selectii\ga terminology which will bo delinito, 
eveti if it is not dignitied. 

In Volumes 11, 111 and IV, 1 deal one by one with the individqpl 
metals. ^I’lu^ order observed is based upon the Ikuiodic lable in 
a form similar to that made pojadar by Sir .Tames Walker. The 
old form of the Periodic Table which (lasses sodium along with 
copper has now it is to be hoired few active supporters, although 
itkrtill ornaments the walls of our lecture theatres, and ajipears to 
find favour with the authors v)f chemical treatises based upon the 
clwsical model. In the new tablt, .(..hlch accords well with the 
che^^ical and electrochomicaFproj)erlics*of the elements and is 
in harmony with modem ideas of the s.ructure of the atom, the 
elements can be divided into three main classes, and I have allocated 
a (lillcrent volump to each class. Volume II deals with the mcfals 
of the “ A Groups,’* Volume III with the “ Transition Elements ” 
‘(Group “ Vill ” of the olcl table), whifst Volume IV deals with the 
metals of the “ B Groups.” i « 

T^ie space devoted to each metal is divided into three rn'kin 
sections. Tlu' first deals with the i/etal and^its compounds from 
the point of view of the academicai laboratory. The pure chemistry 
of the m^tal And its compounds is here disguis'd; bo reTdrence 
to Pres, technical procestStand industrial apjflication is^mado'in 
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tt)i8 section, which is therefore fairly concise. The sectiowads 
with# summary of the methods of analysis of the metal in question, 
although the bcxjk is not intended as a practical analytical hand^ 
book. • 

The second section deaJs shortly with the terrestrial occurrence 
of the metal in question, starting with its origin in the rock-magma, 
and discussing the probable mode of formation of the inifwrtant 
ores and minerals^ both primary and secondary. 

The third section - which is often the longest—is of a technical 
character. We start with the ore, or mineral, and follow the metal 
through the processes of concentration and smelting, and finally 
consider the practical uses of the element, and of compounds con¬ 
taining it; I have tried to show why the properties of the individuak 
metal—as stated in the theoretical section render it suitable for 
the v'arious uses to which it is put, and to make the technical section 
a correct survey of industry carried on at the present time; I 
have only referred to obsolete methods of jnoecdure in a few' places 
where such a reference is thought to be instructive. 

Stress has been laid on the important points, which have been 
illustrated by a few chosen <!.\amplcs in order to avoid burdening 
the reader with a mass of names and numbers, which he will not 
retain, and whidi can be looked up when required in a table of 
physical constants or in a detailed book of reference. Proper names 
have largely becii con''''ntrated in the foot-notes, and thus kept out 
d the text; I have written a book about chemistry—not about 
chemists. Likewise the figures arc frankly diagrammatic, drawn 
to emphasize the salient points ; in the diagrams of technical 
plants much that is of merely structural importance is omitted. 

I have only*employed the historical order of description where it 
happens also to be the logical order. 

Throughout the book numerous'references are given, in foot¬ 
notes, to scientific and ftchniJal literature; these should be in¬ 
sulted by the reader {Fho Wishes to study any given part pf the 
subject in greater detail.* In selecting these references, I have not 
given jjreference to the wiwrk of the actual originators of the variety 
tffeories or processes, but have sought rather |oq>rovide the reader 
with the most recent information r(f 5 arding the matter under ^ 
discussion. The recent papers themselves will include references 
t^ the earlier onc^ whilst tbe converse is clearly not true. 

In subjects regarding wl^jch disagreement prevails at pnsgQj^t, 

I have in most cagps departed fr5m the usual custom of giving in 
tum^ summary of the views advanced by the various disputants, 
a# this practice IS apt to leave the r^der hopelessly Jjowildered. 

. Rather, I have endeavoured to sug^erft a standpoint whieJf the | 
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av^i^e reader may safely adopt as a working hypothesis, until i 
further research finally decides the question under dispute^ If, 

J iowcver, the subject happens to be one of special interest to the 
eadcr, he should consult the references in the foot-nptes, and form 
his own opinions. In these foot-notes he will find rcferehc«s to 
many authorities whoso views arc not held by the present writer. 

As already stated, great efforts have been made to render the ' 
book as “up-to-date” as pbssible, but I have not concealed the 
fact that uncertainty still prevails on many parts of the subject, 
and that research is continually being conducted to settle these 
doubtful [«)int8. I have endeavoured to prepare the reader to 
revise his own opinions without undue reluctance every time he 
may open a scientific journal. 

I wish to return thanks to the numerous friends who have very 
kindly given information or advice. Especially would I mention 
Mr. C. T. Heycock, Dr. E. K. Rideal, Prof. H. C. H. Carpenter, 
and Mr. Maurice Cook. Mr. Cook has prepared the micro-photo¬ 
graphs accompanying V’olumes I, 111 and IV of the book, and has 
shown much skill and patience in obtaining results which illus¬ 
trate clearly the points described in the text. 

U. R. E. 

Cahbriikik, 1923. 
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NOTE ON MICRO-PHOTOGRAPHS IN PLATE 

iVopimxl Hpocially l>y Mr. Maurice Cook, M.Sc. 


Fifr 

A. Hypo>eutectold Steel, about 0’4% carbon {pcarlitic). Etchwl with 

alcoholic lutrlo acid. Magnification, x 84. 

B. Hypo-eutectoid Steel, 0‘()4% carbon {pearlilic) annealed. Etched 

with pieno acid. Magnification, X MOO. 

C. White Cast Iron. Ktchocl with alcoholic nitric acid. Magnification, 

X 60. 

D. Grey Cast Iron. Unotchod. Magnificafrion, x 60. 

E. Steel,0*95%carbon(f/wr/pw«7/c). Wator-quonchedfrom900*^0. Etched 

with alcoholii; riitriti acid. Magnificaiioii, X 240. 

F. Manganese Steel, 1'3 h', carbon, Kl% manganese (nM.'rfcndic). Watcr- 

quenched from 1000"' l''t<‘ho<I wilh alcoholic nitric acul. Magni¬ 
fication, X 120. 
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• * (For prei)aration see page xil) 

>Ma/| Metallic Compoun<h. ?o/. ///.] [2'o fetce ftage 1? 



THE TRANSITION ELEMENTS 

(Group VIII of the Older Periodic Classification) 


• 

Iron . 

Atomic 

Weight. 

. 55-84 

Ruthenium 

Atomic 

Weight. 

101-7 

Osmium 

Atomic 
Weight. 
. 190-9 

Cobalt 

. 58-97 

Rhodium . 

102-9 

Iridium 

. 193-1 

Nickel 

. 58-68 

Palladium. 

106-7 

Platinum 

. 195-2 


GENKBAL PBOPERTIES 

Whilst studying in turn the “ A ” groups of the Periodic Table, 
the reader may have noticed certain tendencies creeping in, which 
tendencies will be seen to culminate in tho “ Transition Elements.” 
In the first three groups, the valency of tho elements was edmost 
unchangeable, and corresponded in each case to the number of 
the group. In Group IVa- and still more in Group Va— the valency 
began to be variable, and at the same time coloured compounds 
began to appear. The .same tendencies were seen in Groups VIa 
an(J VIIa ; manganese, for instance, exerts its full valency of 7 in 
the permanganates, but the more stable compounds correspond to 
much loi.cr valencies. There arc various possible explanations for 
this. It might well be expected that the energy required to deprive 
an atom of seven electrons would be very great, and that tho 
compounds of heptavalent manganese would probably be endo¬ 
thermic and unstable—which is actilhlly the case. In addition, 
however, there are certain g<fjifietrioal considerations which must 
not be neglected. For tlistaifi'o, in the hypothetical heptachloride, 
MnCl 7 , one would "have to imagine seven chlorine atoms attached 
to the manganese atom by the transfer of seven electrons, 

** Cl a 

•\ * 

CU-—Mn—>C1 

C# .Cl 
Cl 

and "tlfe question arises: will there be sufficient sl)ace*to allow 
AfaCm to cluster rolfind the manganesi mtom without interfering 
• M.o.-s-ifoL. in. ■ 
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with«pne another ? The answer to this question is apparently 
in the negative, for manganese heptachloride does not apjjpar to 
exist. On the other hand the heptoxide, which can be represented 
in some such manner as this, • 

0 0 

11 tt 

II I! 

Mn- -*()♦ Mn” ^0 

M !! 

i I i I 

0 0 

is known. Here, although (!ach manganese atom has lost seven 
oh'ctrons, it is only in union with four other atoms, and spatial 
interfermicc will not oeeur. 

Passing now to the Transition Elements, we should ex])ect— 
on the eleetronie theory of chemical combination- the maximum 
values of the valency to be 8, i) and 10, in different cases, as shown 
in the table below. Hut, in practice, exeejrt in the case of ruthenium 
and osmium, which have oxides ltu 04 and OsOj, the maximum 
valency is never exerted, and the stabler compounds generally 
eorrespcmd to valencies 2, 3 or 4. Thus the Transition Elements 
are essentially a group which display variable valency, and which 
form coloured compounds. The actual valency met with is shown 
in the table by the nundiers placed below the symbols. . 



Maximum 

’rheor«tical 

Valeni-y 

8 

9 

10 


I'o 

Co 

Ni 


2. 2(4)(i;) , 

*-l;- ■->. 3(4) 

2(3)(4) 


Ilii 

, Uh 

rd 


2, :i, 4. I>. 7, 8 

3, 4 

2. t . 


• 

• 




Ort 

Ir 

I’t 


2. 4. 6, 8 

' 3, 4 e 

2, 4(6) 




• 


In the Transition Elements, as in manganese, it is probably 
spatial c .msiderations which limit the exernse of ths full vatency. 
IP would be almost impossible to picture ten chlorine atoms attaOfa^. 
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to a single nickel atom, as would be necessary if the com^und 
NiCl,*were to exist. 

A matter of sonic importance to those who would study the 
com^iounds of the transition elements is the existence of bodies 
(mixed Crystals or solid solutions) the composition of which can vary 
within certain limits. Several of the so-called eomjKiunds of the 
transition metals are liable to depart seriously from the composition 
ind^intcd by the formulas commonly a.seribed to them. Many 
samples of magnetite, for instance, although homogeneous, contain 
more oxygen than corresjionds to the formula Fe.iO,; the exact 
eompodition depends upon the pressure of oxygen in the atmexsphero 
in which the oxide is produced. In the case of the oxides of the six 
“ jilatinum metals,” this variability of composition nuiders the 
tabulation of the oxides very difficult. In a few years, when the 
experimental data have been collected, it may be fiossiblo to 
summarize the state of affairs by means of metal-oxygen e.quilibrium 
diagrams showing the variation of the composition of the various 
series of metal-oxygen mixed crystals (now called oxides) with the 
temjs'rature and oxygen-pressure. At present, however, the neces¬ 
sary data are not available ; and it is doubtful whether in any case 
such a method of j>re.senting the tacts would entirely appeal to the 
pure chemists of the present day. The conee])tion of a “pure 
ehemicid compound ” as a body of delinik' composition is firmly 
rooted in the minds ot many chemists ; and although the existing 
ideas regarding the law of definite j>roportions will necessarily 
undergo modification in the near future, it is thought best for the 
present :o adhere as far as possible to the classical method of 
(hiseribing the variotis ” (K)m])oun(Ls,” merely calling attention to 
the cases in wlfich tlu^ proportions of the two components are liable 
to vary from those ]>re«^ribed by the ideal formula'. 

A very important propertjj' of the transition elements is their 
power to form complex saTS,- anck here ag.ain we have to taTte 
spatial considi'rations into account. \ The. complex salts may bo 
formed by combination of the simple salts (chlorides, bromides, 
cyanidt^s, nitrites, etc.) witn the corresponding salts of other metals 
or ofTiydrogen. Thus : ^ • 


Fe((‘N)j4KCN or [Fc(«N),]K 4 
PtCI. 2HC1 or [Rt'leJHs 

In ^er -cases they“may be firmed by union of the simple salts 
with certain sulistances containing nitrogen or oxygi^i, sifeh as; * 
Ammguia . . * . . NHj 

Nitric oxide . . . NO 

Carbon«monoxide . CO 

or fven, Water . * . HjO 
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In tkiti way, we get compoundB such as, 

C0CI3.6NH, or[Co(NH3),] CI3 

t;o(N03),.KN03.2NH, or [cogJj‘jK 

E(.'(CNJ3.3KCN.C0 or 

Now the work of Werner lias revealed the important fact that, 
in almost all these eomptjunds, the total mimher of radicles or 
molecules closely attached to the atom of the heavy metal is fequal to 
six (divalent radicles being reckoned as equivalent to two mono¬ 
valent radicles). The radicles or atoms placed outside the square 
bracket in the formulae given above are not required for the stable 
“ group of six ” and are free to ionize ; those within the square 
bracket are not free to ionize. We have already noticed the same, 
co-ordination number (six) in previous groups, when eonsidering 
such salts as potassium titanilluoridc, ['I’iEjJK.^, and the green 
compounds of chromium. But in the transition elements, the 
question of the (a)-ordination nundier assumes special importance. 
As was |X)inted out in the introduction (V'ol. I, page 32), there is 
a series of eompounds formed by eombination of cobaltic chloride 
(C 0 CI 3 ) with 6 , 5, 4 and 3 molecules of ammonia, which appear to 
yield 3, 2, 1 and 0 ions of chlorine resjx'ctively from each complex 
molecule ; this can easily lx- understood when we write the formulae 
on the basis of the co-ordination number six 

CoClj.ONH;, or [('o(NH;,)o] ('I3 

CoCln.r.NH^ or 

Co(!l3.4NH, or 

C 0 CI 3 . 3 NH 3 or 

The same sort dr relab'ons can be found in other series of complex 
salts,* and, although complications are introduced by the instability 
of some of the compounds, the miblc of ioniiation of thp salts can 
flpijeral'y be foretold by writing tlie foriqula on the assum'ption 

* See A. Wemer and A. Miointi, Zeitjtch. Phys. Chem. 14 (18941, 506, A. 
Wemer,^#f. 40 (1907), 16. A classification of the salts in^o typcA^ based on 
Wrrncr’s th»x>ry is given in ^Omptor XVIII N. Friend’s “ Theory of 

Valency” (Longinans, (5i4cii). • 
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that there is a “ group of six ” bound to the atom of heavy ftetal. 
Only in exceptional oases must another co-ordhration number bo 
assumed ; for instance, the co-ordination number seems to be four 
in some derivafives of divalent platinum and divalent palladium, 
such ifh, 

. [Pt(NH 3 ),]Cl, and K.,[PtCl,]. 


n, seems probable that the six atoms, hiolecules, or radicles which 
constitute the stable “ group of six " are situated at the six corners 
of an octahedron, tlie atom of the heacyr metal being in the centre 
(see Fig. 1). This view, which receives support from recent X-ray 
investigations,* serves to explain why there are six, and only six, 
members of the closely-1K)\md grouj). It also explains many known 
facts regarding the existence of isomeric compounds. For instance,’ 

compounds of the tvpe I-N, which have two inemln^rs 

L lNH,)J 

of the group of six different from the others, are found to exist in 
two indepciuhud forms. According to the 
theory just suggested, one form (the cis- 
form) is believed to represent the case nhen 
the two (NO..) radicles exist at adjacent 
corners (e.g. at A and B), whilst the other 
(the trans-form) represents the ease when the 
same two radicl. s e<ist at o|)posite corners 
(e.g. at A and F). 

There has been a e<'rtain amount of discus¬ 



sion ri nu'ding the way in which the six mem- F'u. I. 

bei's of the stable complex are bound together. 

It is admitted "by nearly all authorities that the negative atoms or 
radicles (such as f'l, f'N, NO.j, etc.), whether belonging to the group 
of six or not, are attracted J, 'wards the central metallic atom by 
. electro-static attraction (|)ola/ r?alen(jy), an electron having passed 
from th<! central metallie athm to fljie negative atom or radicle. 
Werner holds that the other members of the group (NH 3 , NO, HjO, 
etc.) are also attracted Oo to the central metallic atom by what 


* Tlio arrangement ro'-eives eon^rmation fro]n*the X-ray study of pot.aHsiuni 
Htannichlorido K,[SnCl 3 ] by H. G. Dickinson,./. Atnrr. 44 (1922), 

276. Likewise the X-iijy oxaminu|ion of the uininmos jNitNtlji^lX,, whore 
X represents Cl, Br, I or (NO,), supports tlie view that the six NH, groups 
are arranged symmetrici^ly rouni^ a central nickol atom, and approach it 
more closely than any other shun of the soinpound. See H. W. G. Wyckofl, 
J. Amer Chem. Soc. 44»(1922), 1239, 1260. 

The X-ray study of (NHjljPtCl, is doscribod by H. W. G. Wyekoff and 
E. PAmjak, J.tAmer. Chem. Hoc. 43 (1921), 2292, whilst that of campounds 
liga KjPtCh, with co'^orihnatiou. number ‘%four." is doscribodjby R. D. 
J 5 ickinson,a/. Amer. Chem. Soc. 44 (1922), 2404. 
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may tie called “ auxiliary valency.” Friend,* on the other hand, 
prefers to think that a^j the six members are in union wHh one 
another, and thus form a stable hexatomic shell, which is comparable 
to the hexatomic ring present in benzene and benzene derivatives. 
It is very likely that both views are correct, and that attractive 
forces exist not only Ijetween the metallic atom and the six members 
clustered around it, but also between one member and another. 
As explained in the introduction (Vol. I), the electrical theoiy of 
chemical force would lead us to admit the possibility of attractive 
electrical forces existing between two molecules, each of which is 
uncharged as a whole, assuming that the position of the positively 
and negatively charged jwrtions within the molecules are not 
extremely clow^ together compared to the distance separating the 
two molecules fiom one another. 

In various other respects, the transition elements differ from those 
of the " A grou])s.’' Most of th<' transition elements are distinetly 
“ noble ” metals, and all can be deposited electrolytically from 
aqueous solution with ease; in the “ A groups ” electrol}dic 
deposition is in no case easy, and only becomes possible in the ease 
of a few of the <'leinents, such as chromium and manganese, which 
fall near to the transition group. As regards the anodic behaviour, 
passivity is a eoinmon phenomenon in the transition elements, 
but valve action- so common in the ‘‘A groups is rarely met 
with. 

Another interesting featun; of the group is the oecurrenco of 
“ feiro-magnetism ” in the elements. In magnetic properties, the 
transition elements show a certain resemblance to the rare earth 
group. The subject of magnetism is discussed below in a sp<«ial 
section. 

It should be mentioned jierc that the transition elements are 
commonly nderred to by chemists psf ‘ (houp VIII ” of the Periodic 
TAble. For some reason ther« has altsays |i(H'n a desire on the part 
of chemists to prove that t/.e Periodic; Table consists of eight— 
and only eight —groups. Accordingly it has long Ireen customary 
to confine iron, cobalt, and nickel within a single square of thej^blc. 
Although tables‘atqanged in that way are still being printed, there 
has recently been a laudiftilc desire to^ break away from so purpose¬ 
less a convention, and to assign to e^ch of these important elements 
a square of its own. At the same time, it is a fact that iron hears 
iltfire rdbembjance to cobalt and ntckel (\v<iich fall in the same 
horizontal row ns iron) than it dex’s to ruthenium and osmium, which 

■J. N.«Kn««t, Tramt. Chem. Soe. 93 (1908)^1006; 110 (1921), *1040. 
Keioud'B viowB receive critirisci from S. H. C. Brings* Trans, Chetn. itjfe- 
. m (1921), 1870. ^ c 
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fall in the same vertical column. It will, therefore, be con'vnient 
to Htq^y the nine metals in the order:— 

Iron, nickel, cobalt, 

Ruthenium, rhodium, palladium, 

Osmium, iridium, platinum. 

• The last six elemonta arc known as the “•Platinum Metals.” 
TW>y aro all noble metals, resembling platinum in colour, and are 
best known to chemists in the metallic condition. It is a wide¬ 
spread belief that they resemble each other closely, but—aptirt 
from yie fact that all the compounds are easily reducible to the 
metallic condition this is scarcely true. On the contrary, the 
platinum metals show a remarkable diversity of properties. The 
two metals on the left, ruthenium and osmium, have numerous 
series of comisninds in winch the valen<‘y varies from 2 to 8 ; of 
the.se compounds the mo.sl remarkable are the volatile oxides, 
RnOj and Dst),. The two metals in the centre, rhodium and 
iridium, have only two series of welkdefined compounds; these 
correspond to r.alencies of 2 and i respectively. 'J’ho two metals 
on the right, palladium and platinum, have also two well-<le.velopcd 
series of salts, but here the metal exerts a valency of 2 and 4 
respectively. 


Maokktism 

If an iron or steel rod is phu'ed axially within a coil of wire 
through which an electric current is passing, the rod acquires the 
properly of attracting other pieces.of iron. Part of this attractive 
power Nanishes when the rod is removed from the coil, but— 
especially if tSie rod is composed of a hard steel (e.g. tungsten or 
chrome steel)—it retains a certain amount of attractive power 
indefinitely. A piece of st^ 1 thus treated is termed a permanent 
magnet; the attractive pow .r.'s mjst marked near the ends of«the 
magnet, which are called tile “ pol^,” 

Those substances, like iron or nickel, which are strongly attracted 
towaols a magnet, are stdd to be ferromagnetic; ferromagnetic 
substances alone are suitable for practical use ^as magnets. But 
probably no substance is cqpapletely ins»nKibk*to the presence of a 
magnet. If a rod-shaped piece of any material is suspended be¬ 
tween the poles of a powerfulSrorscshoe-shaped magnet, it will tend 
to swing so that it ligs eithei^parallel to the line joining the pqlc”, in 
which case the material is said ts be paramagneflc, or at right 
angle^ to that line, in which ca.se the material is called diamagnetic. 
Anfong th^ metals h*th cla-sses wcur; bismuth is dkmagnetic, 
^fnd majiganese paramagnetic. FerAraagnetic substances ca* be 
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rogarcfcd as substances endowed with a very intense degree of 
paramagnetism, although there may be other distinctions between 
paramagnetic and ferromagnetic bodies.* 

All ferromagnetic substances lose their special intense magnetic 
properties when heated to a certain temperature, and abovb this 
are merely paramagnetic. The nature of this change (which occurj 
in iron at about 768° C., an^ is known as the Aj change) is further 
discussed in the section dealing with the allotropy of iron. In 
paramagnetic sidjstances, the magnetism slowly but steadily falls 
off as the temperature rises,^ whilst in diamagnetic substances the 
property is comparatively independent of temperature. ' 

Units of Magnetism. It has been stated in the introduction of 
Volume I that the “ unlike poles of magnets attract one another, 
whilst like, poles reiwl one another.” The force acting between two 
poles depends on the strength of the poles and the distance between 
them; it is inversely proportional to the square of the distance 
between the poles. Wo may at once give a definition of a pole of 
unit strength ; when two poles of unit strength are placed in 
vacuo at unit distance (1 cm.) they attra(d, or repel, each other 
with unit force (1 dyne). The force acting bi^tween two isolated 
poles of strength ra, and mi placed in vacuo at a distance r will bo 

rttlTOs 

In the vicinity of every magnet there exists a “ magnetic field,” 
and all magnetic substances placed within that field come under 
the influence of a magnetic force. The intensity of the magnetic 
force at any point in the field may be defined as the mechanical 
force which would l)e exerted on a pole of imit streqgth idaced at 
that point; the unit of the intensity of magnetic force, which is the 
inU'iisity at a point where the mechtuiical force on a pole of unit 
strtmgth would be 1 dyne, is called k “ gauss.” 

Lines of Force. The dir^'tion of the snagnetic force in the 
neighbourhood of a magnet varies from place to place, as is shown 
clearly if a magnet is placed on a board an»l iron filings are sprinkled 
around it, the board being tapped until the filings take djlT'the 
orientation dcmanddil by yio field. Each individual filing behaves 
like a tiny pivoted needle, and arranges itself in the direction of the 
imvgnetic force ; consequently there ste producad a series of curved 

*^i*forromag\jotic bodii's, for instance, ftio permSIability varies with the 
strength of the field in which the 6o(ly is placed, lyhiist for paramagnetic 
bodies tho pormoability is nearly constant. * 

• A quanUtati\w law, stating that tho susceptibility is in^^oly |flof)or- 
tioual to tl?o t'ompt'raturo Is onmiciatod by P. Cuflo, v-lna. Chim. Pht/s. 
(181K»), 289, but does not inviriably hold gdod. ^ 
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lines starting at one polo and terminating on the other (seo Big. 2). 

Thi# simple experiment serves to introduce the conception of 
“ lines of magnetic force.” It may be imagined that lines of 



2.-—(.'urvT'H I'ro'liKfd rouiul ii Utir 

inagiiclic force c.Ntcnd outwards from every north pole in .all 
directions through S])i«a>, in such a way that, at any point the 
dircctioii of the prevailing magiictie force is indicated by the 




SuhxtUlH^O, 


direction of the lines of force. All th<! lincH that start from a north 
polfTultimat^ly end a sontli pole. 'I’ln’ lines of forte will Ixi 
<ft>wded ^close together whwe the mlgiic^tic field is intense, hut^ 
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will liaefar apart where it is feeble. If we imagine that the number 
of lines which start from a polo of strength m is 43rm, th«ii the 
number of lines which cut an imaginary surface of unit area placed 
at right angles to the lines is a measure of the magnetic forc^at that 
point (c.vpresscd in gauss). * 

If in a uniform inagneti(! field (con.si.sting of a number of parallej 
lin(‘.s of force spaced equally from oiK^ another) a paramagnetic 



Fni. 4. J.(niH Rod placod iti Mn^notu; Fii'Iii. 


.siiUstanci' be placed, (he line.'s of fore(! will iTowd together to pass 
through this substance ius indicated in Pig. Ii(A) ; on the other hand, 
if a diamagnetic substance is placed in the field, the lines will diverge 
from one another, as shown in Fig. 3(B). Let us ira.agino (Fig. 4) that 
the object placed in the magnetic field is a long thin rod (the length 
should b(! so great eomj)ared to the breadth that the irregularity 
due to the ends can bo neglected), and let us compare the total 
tmmher of lines per unit area within the material, which is called the 
magnetic induction (B), with the number of liiu's per unit area 
in the surrounding space, that is the magnetic force (H). The 
ratio (jf these two quantitigs wc nuiy call the magnetic per¬ 
meability of the substance (/i). us, 

• . \ 



Clearly for diamagnetic substances the ^)ermcability will ^ less 
than unity, whil*it for paramagnetic substance it will be greater 
than unity, rising to verythigh values for ferromagnetic substances 
like iron. It should bo noted that for ferromagnetic substances 
the jK'rmeability is not constant, bit dei»nds*on the magnetijing 
fon'ii. t » , 

It is due tf> the crowding of the lines of qiagnetic force into a 
substance like iron, that a piece of ordinary iron placed in a ml^netic 
field beemnes k magnet, so long as the fielAexlsts. H we imagine 
a Harrow erevasBo e\it iusroSs the long thin rod at P, w^obtaiiT#^ 
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north pole where the lines of force leave the iron to cross the o*vasse, 
and 9 south pole where they reach the other side. If we define 
the intensity of magnetization (1) of the iron as the polo strength 
per unit area bf the crevasse, the numWr of e\tra lines of force 
})or ifntt area due to the magnetization of the iron is, by the 
convention made above, 

, 4,Tr I, , 

and since the number of lines of fon'e due to the e.xternal field is H, 
the total number jkt unit area, i.e. the, magnetic induction, is 

• B h-il + H, 


Another u,seful conception is that of magnetic susceptibility. _ 
The BUseeptibility (i ) is equal to For diamagnetic suhstances it 


is a negative quantity, for paramagnetic substances it is jsisitive. 
Most eompouiuls of iron ]Kissess paramagnetic ju-operties, but 
only a few compounds, such as the intermediate oxhle Fi-jO, 
(“ magindite ”), are magnetic to an e.xtent e()m|>arable to that of 
metallic iron. The magnetic susceptibility of pure magnetite is 
said to be about oneaiuarter <if that of pure iron. It is noteworthy 
that crystals of magnetite containing more oxygen than cewresponds 
to the formula Fe,Oj are less magnetic, the susceptibility falling 
off as th<' oxygen-coident rises * 

There are other ways of obtaining a magnetic field besides bringing 
a permanent magnet into position. It has already been stated that 
if a bai of iron l>e placed witiun a solenoid (a long helical coil of wire) 
along utdeh an electric current is passing, it becomes a magnet; 
the magneti(» force within a solenoid of v turns of wire ]H'r unit 
length, and round which a current (' is flowing, is 


47T1iC. 


AVlien the current eea^'s to JSSf, •'lagnctism of the^on 


the whffie of it. 


bar vanishes, although r^ t, as we Have seen. 

Hysteresis and Residual Magnetism. The magnetic proper- 
ticB“6f a ferromagnetic substance depend not m<‘rely on the 
magnetizing force m ting on it at the ngunen*. But on those which 
have been acting on it in the past. The “ hysteresis effect ” 
which enters into yio magnetfeation of a bar of iron is shown by the 
curves of Fig. 5, which indicate the connection between the 
magnetic force (or magnetizing force) acting ujxm an iron bhr and 
the istensity of thb magnetism produced. 


^ * R. B. Sostnan rftul 
, (1917), «9. 


yostetter, '^ans. Amer, Inul. Min. En^ 58 
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Th(! •urves can be obtained as follows.' An iron bar is placed 
inside a coil of wire through which an electric current is pasted so 
as to produce a magnetizing force. By varying the strength of the 
current, wo can vary the magnetizing force. At firlt, the increase 
of magnetizing force has a considerable effect upon the iroM, as 
shown liy the portion OA of the curve I; but afterwards the irort 
becomes saturated,” and t^ny further increase in the magnetizing 



t’w. 5.— Hystoresia of (1) Ii'on in soft state, and (It) Iron hardo^i 
* • ^ by stretching. 


force produces little or no increasA in the intensity, after 
reaching f.he saturation value (point, B), we start gradually *10 
decrease the magnetizing force, «the effect is shotvTi by the curve 
BC, which is not the same as the curve OAB. When the magnetiz- 

^ Kur details, suo <7. A. Ewin}| ** Magnetic InductiiAi in Iron and otha^ 
Metftis ” (t*ublifiliod by Tha l^itdncian). * • , 

• . « 4 ' 
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ing force has been entirely removed, the bar still n^taiitg some 
raagiytism, as shown by {>uint C. In fact it is only by applying 
an appreciable force in the opposite dirdbtion (point D) that this 
residual magnetism is removed. Further increase of magnetizing 
forced the reverse direction causes magnetization of the iron in the 
new direction, and finally brings us ngain to a saturation value 
‘(point E); and when the magnetizing fored is again reduced and 
once more reversed the connection betwesm magnetizing force and 
intensity of magnetization is indicated by the curve EFGAB. 
Further applications of a gradually varying magnetizing force, 
first in one direction, then in the other, causes the iron to Is'liavc in 
a way indicated by the circuit BCDEFGAB. 

The nature of the hyshTcsis cin-ve varies with different kinds of- 
iron. In soft iron, tlu' curves EFGAB and BODE lie close 
together, and the hysteresis effect is small (curves 1). But if the 
iron be hardened by cold-work, or by the addition of other elements, 
they lie further away from one another (see curves If). In some 
of the stiffer alloys of iron (e g. sheis containing tungsten or 
chromium) the curves EF(!AB and Bt.dlK lie far ajiart. The 
“ residual magnetism ” left when the. magnetizing force is 
removed is represented by the distance OC, whilst the “ coercive 
force,” the reverse force needed to destroy the magnetism, is 
represented by the distance OD. The e.\cej)tional value of the 
sjKicial magnet steels .containing tungsten, chromium or cobalt is 
that the coercive force is large, and such materials, when one<^ 
magimtized, do not readily lose their magnetism owing to chance 
c.xposme to adverse magnetic Helds. Furthermore, steels of this 
kind do not readily lose their magnetism when subjected to 
mechanical Shocks ; such materials are clearly suitable for the 


manufacture! of jK-rmanent magnets ' 

On the other hand, pure '. ft iron, with its low hysteresis effect, 
is more suited for use in tliftf^jinpomry magnets of magncto-ele«tric 
machinery. It is mo'kt im(fortant^hat whero as in the core of 
a transformer or dynamo armature-- a piece of iron may be 


magnetized and demagnetized perhaps a hundred times each second 
—the hysteresis-effect should l)e small; for, if jf. is not small, the 
energy consumed in magnetizing the -iron fore will exceed that 


recovered the next instant when the iron is demagnetized, and 
conseqvently a wastage of Energy will occur. There is, in every 
case, some dissipation of energy, which wilt reappear in thp form 


of heat, but the wnount of energy transformed to heat will be 


the fffect of the nresence of different elrmcntfl in iron on^he coereivc 
^Jorce, residual magtK'tism, and ability to n^nd shock, eoc (i. F.ourgoss and 
tf. Astoi^ Met. Cherri. Eng. 8 (1910), 673. • ^ 
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greater in hard steel than in pure iron. If this were the only cause 
of loas of energy, then the purest iron would always he ugpd in 
electromagnetic machine'iry. Actually, however, there is a second 
cause of loss duo to the so-called “eddy currentsof electricity 
produced within the cores themselves. These eddy curr&ts are 
reduced if the core material has a high electrical resistance; con¬ 
sequently, in practied, iron containing silicon, which has a mqch 
higher electrical resistance than pure iron, is often employed. 

Theories of Magnetism. A ferromagnetic substance only 
acquires magnetic properties (temporary or permanent) when 
subjected to a magnetic field - e.g. when placed in proximity with 
another magnet. Ewing has suggested that all ferromagnetic 
substances contain numltcrlcss particles each of which is a minute 
magnet, but that in the ordinary (non-magnetized) condition the 
])article.s lii^ with their magnetic axes pointing in all sorts of different 
diosetions, so that no magnetic field is produced by the combination. 
When subjected to an external field, the magnetic particles tend to 
turn in tin! same direction, and their cumulative effect is no longer 
nil. Ewing ‘ has construeted a model consisting of a large number 
of pivoted magnetic needles placed upon a board. Normally the 
needles point in all sorts of directions, but when a gradually increas¬ 
ing magneti<! field is applied to the system, the needles commence to 
turn in the direction dictated by the applied field ; th(^ effect upon 
the combination of increasing the magnetizing force is analogous 
to the elfe(!t upon a piece of iron, iis shown by the curve I of Eig. 5. 
When the magnetizing force applied is very small, the detlcctioir 
of the nredles from their original position is very small, l)ut a further 
increase in the magnetizing force causes a considerable disturbance 
among the needles. Finally the “ satimation value ’’ of the system 
is rea(hed whcr\ all the magpels arc pointing exactly in the same 
direction. , V' 

The suggested explanation m'.eorh.ljwell \villi the facL- already 
stated that, in soft iron, inftvhicb the,particles arc presumably 
tractable, the alternate magnetizatuin and demagnetization requires 
but little energy, whereas in hard steel, in which the particlsa arc 
presumably dilficult^to move, much energy is involved. There is, 
in fact, a general connoctibn between ooercive force and hardness. 
Although the study of different steeb^ shows that the coercive force 
(or “ magnetic hardness,” as it has been cafted) does liot nan 
absolutely parallel with the “ mechanical hardness,” the abnor- 
, inalities are nol much greater than tho.se met with when we copipare 

’ J. A. Ewing, Mai/. 30 (1890), 205. Latete an improwetl mod'eMias 
l)een desenbod by Sir J. A. Kweig, PhiL Mag. 43 (1902), 493; Pmc. 

100 [A1 (1922), 449. • 
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the valued for the mechanical hardness obtained by different n^thods 
(eg- the Brinell and the Shore tests).* 

That the main phenomena of ferromagflctism can be explained 
on the assumption that the materials involved consist of an aggro- 
gatiottW minute magnets is now generally agreed. But differenoeB 
of opinion arise as to the nature of the ultimate magnetic particles. 
Some authorities, who still btdiove in the e.xiiltenee of molecules in 
the solid state, hold that the molecules are individual small magnets.'-* 
This may c<ineeivably be true for organic substances, in which the 
molecule is often the structural unit. But in metals, and inorganic 
substnsiees generally, recent work on ciystal structure 1ms indicated 
that there is really no such thing iis a molecule in the solid state. 
We must therefoiv regard tlu- -aom-- or something within the 
atom—as the ultimate magnet.^ TIu're is a sn]H'rlieial ditiiculty 
connected with the ivcccptance of this view, beeau.se the same atom 
behaves so differently in different states of combination. Iron, 
for instance, is highly magnetic in the free state, moderati-ly magnetic- 
in the oxide Fe^O,, and only very weakly magnetic in FcjOj. 
However, the difficulty is only an ajiparent one. In metallic iron, 
each atom pos.sesscs all its electrons, whilst in ferric o.xide each atom 
ha.s lost three electrons, wbieh may well be exjiceted to upset the 
balanei- in some wax'. 

In({uiries may be pushed farther as to the .seat of magnetism 
within the atom. If lb • eleetrons of the atom arc not tixed, but are 


moving, say, in circular orbits, then each orbit is equivalent to an 
electric current moving round a circular conductor, an aiTangemcnt 
which—as is well known jiroduces a magnetic field. A theory of 
magnetism has been founded on such orbital movements of the 
eleetrons.'* Uiere are difficulties in accepting the theory in its 


original form, but Parson ^ has eliminated many of these by suggest - 
ing that the electron itself isVi'it a poTnt-charge, moving in a circle, 
but consi.sts of a continuijljf^evojving ring of electricity ; Ihe 
electricity is suppoieiPto bi^movii^ unceasingly round the ring. 
Two of these ring-electroij^ or “ magnetons ” wiU obviously exert a 




* W. Wild, Trans. Faraday Soc. 15 (11120), ill, 1. , 

* K. Honda and .T. Ctubo, Fhys. Itcv. 10 (1017),*705; especially pages 

733-738; A. E. Oxley, Sri. Frdtjrrss 14 (1920), .788; Proc. Hoy. Soc. 98 fA] 
(1920), 264. See also P. Wci.ss, Cf>mptes Rend. 152 (1911), 367, 688; 166 
(1913), 1674. • ' 

••A. H. Compton and O. Rognloy, Scirncr, 46 (1917), 41.5; K. T. Compton 
and E. A. Trousdale, Ff/ys. Rev. 5 (1915), 315; A. H, Compton, J* Franklin 
Inst. 192 (1921), 145. ' * * 

* P. Eangavin, Ann. Chun. Phys. 5 (1905), 70. 

Par^ii, STmthsonian Mine. Coll. 65 (1915), No. 11. Compare A. U. 
Compton, J. Franklin^JnfiH 192 (1921), 145. Sir <). fvcxlgr, Nature. lIO (1922), 
^ 1 . 



16 


METALS AND METALLIC COMPOUNDS 


ina^n^tic attraction upon one another, but at the same time an 
electrostatic repulsion. Since the magnetic and electrostatic^orces 
obey different laws, either the attraction or the repulsion may 
prevail—according to the distance separating the'magnetons and 
their relative dispositions. Thus it is possible to acchnat for 
repulsive forces between atoms as well as attractive ones. We have 
already remarked on this theory (Vol. I, page 29) in consideijng 
the cause of the so-called “ chemical forces ” which link atoms 
together; it was there stated that the force binding together unlike 
atoms (o.g. hydrogen and chlorme) appeared to be mainly electrical, 
but that the forces uniting like atoms (o.g. two hydrogen atoms) 
may very possibly be of a magnetic character. 

All atoms are believed to contain electrons moving in orbits. 
(If Jjangmuir’s theory Ls retained, we may suppose that the orbits 
are very small, whilst on Bohr’s theory they are comparatively 
large.) Each ring-electron is equivalent to a small magnet. The 
question as to whether an atom of a given clement will tend to 
respond readily to an external magnetic field or not, will depend on 
whether the combined effect of the field upon the different small 
magnets will tend to make the atom turn. If the arrangement of 
the electrons is quite symmetrical, the “ net effect ” of an external 
lidd on the atom may be nil. All theories of the atom a.scribe to 
the inert gases of Group 0 a very symmetrical .structure, and to this 
symmetry wo attribute the fact that they show practically no 
res]X)nse cither to chemical forces or to a magnetic field. (Actually 
the inert gases are weakly diamagnetic for reasons that cannot be 
(liseussed here.') When, however, valency electrons apjx:ar in 
the atom, one would expect that the symmetry would be upset and 
that paramagnetic properties would appear. This'expectation is 
realized. 'The alkali metals of Group Ia are weakly paramagnetic, 
and as we pass from the left of thd periodic table to the centre, 
piK-amagnetie properties increase,^hfcoming quite pronounced in 
(Iroup VIa (chromium, etc.)j still more inlportant in Group Vila 
(manganese), and finally culminate in flic ferromagnetism of the 
transition elements such as iron and ffickcl. It is noteworthy, 
however, that tfeere is a return to diamagnetism in Group Ib. 

Although the eleWnte of Groups YIa and Vila arc only para¬ 
magnetic, they have a certain number of compounds and alloys 
which must bo described as ferromagnetic. > The magnetism of 
certain vdloys of manganese, knorvn as thp Heusler alloys, kas 
aroused speftial interest. Olio class of Jhese alloys contain 

* Dionis^otitf phenomcim aro probably due to an oasoi^tially ftifforent 
catifle to tnat roaponaiblo for paramagnetism. iSee P.tLangevin, Ann. Cki^ 
rrtya. 5 (IftOS), 80. 
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manganese, copper and aluminium ; another class «>ntain 
manginese, copper and tin. It is, however, not so well known that 
many simple compound.s containing inangRnese, such as the boride 
(MnB), the twcsantimonidcs (MnSb and MiijSb), and in a less degree 
the p)iitoj)hide (MnP) are di-stinctly ferronuignetio.* 

^ It has already been stated tliat the magnetism of iron varies 
wi^i its state of eombination. Metallic ii'fm is strongly feiro* 
magnetu’, but iron in the ferric state is only iiaramagnetic; 
pn-sumably the difleronee lies in the loss of three electrons from 
each iron atom in the ferric compounds. 'I'he numb<-r of non-nuclear 
eleetrrWis in the F<; " ion is the same as that in the Mn " ion, and it is 
significant that the atomic magnetism of the ferric eomp(jund8 is 
practically the same as that of the manganous eomjiounds ; likewise 
the atomic magnetism of the manganic eom|)ounds (Mn" ) is the 
same as that of tin' ehromous comj)ounds (C'r").^ 

It is natural tirsts'k a cause for the occurrence of such j)ronounced 
Ferromagnetic j)ro])erU(‘s in metallic iron. Ewing ' has discussed 
the intra-atomic movements which occur when an iron crystal is 
magnetized. The inoremcnt is most ivadily nnderstood if we 
vssumc that the iron atom has the structure assigned to it hy Hull * 
w a result of X-ray research ; Hull's view of tln^ iron atom is in 
•lose accord with Langmnir’s general theory of atomic structure. 
Imt there is no rea.s( n to think that Ewing's conce])tions need Ix' 
ibandoned, even if tie Bohr theory of atomic structure (with the 
•lectrons movitig in large orbits instead of small orbits) is found 
to he nearer to tlm truth than the Langmuir theoryAccording to 
Hull, two .of the twenty-six electrons of the iron atom are close to 
ho nuclen.-., whilst the other twenty-four are placed along the 
liagonals of at'uhe having the nucleus at its centre ; three electrons 
all upon the diagonal leading to each corner, as suggested in Eig. 11 
to make the matter clearer the ilgure departs consitlerably from the 
limensions calculated by fi”’If each el<“ctron is a revolving 
ing of electricity, the arraiigenum* is equivalent to eight little 
nagnets placed diagonally at the corners of the cuIk', and one little 
nagntjf (consisting of the nucleus and two ring-electrons) placed at 
he centre. We may sup])o.se that when an atjserablage of iron 
•toms arc arranged so a-s to form a crystal of a-iron, the twenty-four 

’ E. WeiU'kind, Zcil-ch. Phyg. cXrm. 66 (1909), 014. 

W. Bolir, ZeiUch. Phyg. 9 (1922). .51. 

• Sir J. A. Ewing, Prum Itmi. Noe. 100, (A) (1921), 449; Pint. Mag. 43 tI922), 
9.3. • » 

‘A. W. Hull. Phyg. lin-. 9 (1917). 84. 

work of W. L. Bragg, It. W. .Tamos ami C. H. Bosnnquet, Phil. Mag. 

4 (1032), 43*, t<)«in(iicat4? that fh<' L<'wifl-I^ngmuir thtJbry of tho 

Uira requires modification at leasts * • m 

' M.Cr—VoL. ni. 
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outer ^ring-electrons of each atom are practically fixed, and serve 
to hold th(! atom to its^ neighbours- possibly as the rosul^f the 
magnetic forces; thus a rigid framework for the whole'crystal 
—consisting of the outer <'lccfrons of all the atoifis—is provided. 
But Ewing considers that the central magnet of cach'^tom is 
capable of swinging about from one position to another. There will 
be eight jui/fsilile jximtioii.i xlohililg which it may assume, since 

it can point in cither direction alotig tini/ one of the four diagonals. 
An external niagnetie foris! is needed to move the central magnet 
from one of these eight positions to another: but having once 



rixed DMonsI Msgnets (Three-Ttm^ t tectrons) AA A 
indicated thus' \J\7\J 

SnindMCentrj! Mj{net( T,vo-Rln^Electrons M ^ A 
and Nucleusitho;, ■ 

• 

Kkj, <>. - iMtulfl oi (lio linii Aloiij l)\ lln‘ I’lipfis of Ibwing tuxi Kiill 

• (Moi tojiXir'i. ^ 

reiU'Insl this new orientation it will tenit to remain there even when 
the e.xternal force is removed. Now nhen the ervst.al of «-iron is in 
the non-magnetked condition, tlie central magnets of ditferent atoms 
will point in different dileetions. A.small external magnetic field 
wilt produce hut little movement of ^he central magnets owing to the 
controlling influence of the fixed diagonal milgnets. Bid. a larger 
external force will overcome this controllyig influence, and will 
cause the central magnets of'many of the ^toms to take up the 
orientation dictated by the applied field ; when the exter^ force 
is sufliciently'large, all the atoms will adop* thjp orieittation and the 
iKin will be saturated. ^I’Sns the geiferal form of the magnetizatlbn 

m • * * 
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curve shown in Fig. 6 is accounted for, and, since many of the«entral 
magn^ w'ill preserve their uniform orientation even after the 
external force is removed, the phenomena ?)f hysteresis and residual 
magnetism is likowi.se explained. Moreover, siiu'c tlie particular 
arrangAhent of electrons described above, wliieli allows eight equally 
stable positions for the central mngnet, is peculiar to the iron atom, 
if \i'ill bo understood why iron possesses unfque importance as a 
magnetic element. Although Ewing’s theory may re()uire some 
modification in the future- and Ewing has himself suggested some 
modifications— it is extremely helpful and deserws i .ireful .study. 

Magnetism and Crystal-Structure.' .''iuce both magnetiza¬ 
tion and crystallization appear to diqMnd, in a, way, upon the 
orientation of atoms, it ma\ be advisable at this ])oint to add a'word 
regarding the distinction iMitween the two conditions. In the 
crystallized state the atoms are- we beliete arranged with their 
centres (in the mean position of (sseillatiou) on a regular sjiaee-lattiee; 
in popular language the atoms are arranged “ in straight rows,” 
the direction of the rows being the natural cleavage jilanes along 
which the ery.stal tends to split most readily. ()n the other hand, in 
the magnetized state, the central parts of the atoms are lu-eording 
to Ewing's theory- arranged with the magnetic a,\e.s jiointing in the 
same direction A eompaiison of the X-ray iuterfei-enee patterns 
of crystalline tuUstances in the magnetized and unmagnetized state 
appears to show that magnetism dor-s not cause any shifting of the 
position of the atomic centres.- It seems po.ssible that one can 
obtain magnetization in the amorphous state,-' just as in the crystal¬ 
line .state, and certainly non-magn<-tized material is known in both 
states. This idea is suggested, very crudel_y, in Fig. 7, whieh--- 
although it mifst not be regarded too lib-rally as a complete repre¬ 
sentation of the truth- - may h(>lp the reader to ajipreciate the 
probable difference betw een the f;wo typi-s of ” orderly arrangement ” 
of atoms known resjs-ctivelt as tlje magia-tized stati; and flic 
crystalline state-. 

An intoresting connection bid,ween magni-tisin and cry.stalline 
structive is shown by an old o.xperiment due to Tyndall. Tyndall 
found that if a crystal was hung by a thieail livtwcen the north 
and south pole of a powerful-electro-magiV-t, it usually sets itself in 
a defimte direction. If it is ajjiaramagiietic substanef-, it assumes 
a pjiaitio.i such that the principal cleavage direction is parallel to 
the lines of magnetic force ; if diamagnetic, it assumes a jxSitfon so 

* A. H. Compton ami O. Rogiiley, iScu-arr, 46 (1017), 41.7. 

’ M^T. Com^jton and K^A. Trousdale, Vhyn. lin'. 5 (lOfi). .-Hi 

* Most glassy substenees* and liquids arc wg-akly diumugnetu- ; Tint a few 

(Rke liquid oxygen), are distmeliy puramagnetft;. * 
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that tiic cloaviif!o-)>lan('K are at right aiigleH to tiie direction of the 
lines of forei^ Since the cleavage-planes are believ(!d to Irc^planes 
along which the atoms (or, (Ksrhaps, in organic substances, the 
molecules) are packed most densely, this behaviour is quite in 
accordance with the accepted views of crystal-structure',* The 
Tyndall effect —it should Iss mentioned—is not greatly affected by 
the external shaiss of thc^cwystal; the direction assumed by_ the 
suspended crystal is mainly determined by the cleavages. 



Crystalline Magnetised. Crystalline Non-magnetised 



The thermal movi'inent of the atoms^bout their mean positions 
docs not neeessaryy interfere with the ferromaguetism, but, with 
increasing teinp*wature,She movement becomes more violent, and 
above a certain point (known as A^. in the case of iron) the thermal 
agitatum is apjiarently suflieient to prevent the ii'dra-atomic 
magnets from retaining their parallel arrangement for any apprcci-, 
able jioriod. Above this tem'jwature, ferrqmagnetism gives place 
to meri‘ paramagnetism, which itself diminishes as the teiffperature 
rises. ‘ ^ 

It IS noteworthy tllftt the ferromagnetic condition docs not 
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appear to be dependent upon any single method of arran{(oincnt 
of thefttoms.* In nickel, the atoms are aiyanged on a face-centred 
cubic lattice, but in iron the atoms are arranged on a centred-oul)e 
lattice.,^Neverfliielcss, a change in the arrangement of the atoms 
may fiave a great influence uinm the magnetic susceptibility. 
Thus a-iron, the typo of iron usually met \vith,at low temp('raturc8, 
is ferromagnetic, whilst y-iron (which although only stable in the 
pure state at high temperatures, can be obtained in iron alloys at 
low temperatures) is only paramagnetic. It i| interesting to note 
that a nickel steel containing S.') per cent, of nickel, although 
practically non-magnetic in its normal state, can bo rendered 
magnetic by being bent backwards and forwards a number of times.- 
In such a steel, the atoms sire arranged on a y-iron spaco-latfice, 
and do not respond freely to a magnelie lield ; but the lamding 
presumably causes the formation of some otiii'r arrangement of 
atoms (possd)ly that elmriuteristie of o-invii), and in this changed 
condition the iron can he magnetized leadily. 

It is notieeahle that in the ease of many of the metals in the centre 
of the jXTiodic table, thi' eomponnds in ahieh the usual valency is 
('.verted (eg. Ket) or FeX),,) are only slightly snseeptible to 
magnetism, but that the intermediate eomiKiimds, such .as 

Fe,()j, (li'sO, and FcuS,. (pyrrhotite), 

have high values lor the magnetic .susceptibility. Likewise some 
of the compounds of molybdenum and tungsten in an intermediate 
state of oxidation (tungsten bionzes, etc ) are distinctly magnetic. 
Tht recurrence of magnetic pro|«'rties in intermediate compounds 
can .•-■•areely be aceidentid. It seems likely that in FeO or FcjO,,, 
the union betrfeen .atoms is aeeom))anied by the definite transfer 
of electrons which would tend to destyoy thi' conditions required 
for magnetization. In the ease of the int('rmediatc eomjsmnds 
the union is probably of a ril^'-r ditjerent character, and (hx'S not 
preclude the maintenanoe^ oL a magnetized condition. 

The Generation of an<Electric Current by Electro-Magnetic 
Meanst When a conductor {e.g. a straight wire) is moved in a 
magnetic field, so as to cut the lines of rpagnc*io*foree, an E.M.F. 
ic set up in the wire, the magnitude of the E.M.F. living proportional 
to the rate at whielj the lim's fif force are cut by it. Likewise if, 
instead of moving the conductor, we euuso the magnetic field to 
move relatively to it, fhe same E.M,F. is set up as in J;hc first‘case. 
The prcgluction of an E.M.F. when a magnetic field moves relatively 

»A. W. Hufl" Phi/s^Ra' 14 (1919), 540. * 

•C, A. ^dwards and H, C. H.- Carixntiir, ,/# Iron .Steel [nut. 89 (1919), 
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to a conductor is illiistrateil by a very simple experiment; the two 
ends of a hollow coil of wire arc connected to a sensitive gslvano- 
ituder and a magnet is plunged into the coil; a momentary current 
is ])roduccd as the magnet is j>ushed into the coil, and, w}ien the 
magnet is taken out again, a momentary current is set up In the 
otluT direction 


'rh(! same principle is employed on an extremely large scale at 
our electric generating stations for the conver- 
sion of mechanical energy to electrical energy by 



means of the dynamo. If (Fig. 8) a pivoted 
magnet NS is made to rotate about a vertical 
axis in the neighbourhood of the straight vertical 
wire W, an alti'rnating current will be produced 
III the wire, since the lines of force (first from the 
north pole and then from the south polo) cut the 


Kin s. pic.lu. "ire as the magnet rotates. The E.M.F, pro- 


(II.II i.f .tlii’i (Inced will depend on the rapidity of rotation of 
"u'ii '' magnet, but for any speed which is likely to 
be attained ill practice, the E.M.F. will be very 
small, as long us only one single wire is employed. In a practical 
dynamo (Kig. tl) there will be a large number of eonduotors, and 
sevi-ral iiiagnelic poles. The connections of the conductors with 
ono another, and the arrangement of the poles, must be such 
that the very small 1‘kM.F.s produced in each individual eon- 


diietor will <•0111111110 together 
to give a very considerable 
ditTerence of potential Ix'tween 
the ends of the two conductors 
which are joined to the exter¬ 
nal circuit .'\1{. 

In this way, E M E s vary¬ 
ing from bO volts up to 20,l)(t‘) 
volts can be obtained. The 
curri'iit generated is normally 
an alternating current, the 



poti'iitial varyiitg p ith the time in direction and magnitude after 
the manner indicated in Fig. 10. The “ frequency,” or number of 


eomplete cycles per second, i'arie.s in ordinary practice between 
2') and 126 cycles. In continuous current* dynamos^ a dgyice 
knotVn‘'as a,commutator, which serves to collect the current in 
such a way that it is sent out on to the external circuit in^a single 


direction only, nnist be added. ^ 

^ The (fetail of the design pf the various fohmSiof dynamos must be 
sought in one of the nunlerous works on the subject. The different. 
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methods of arranging the condncloi's are very numerous, it may, 
howe\ier, be stated at tliis jxiint lliat in some dynamos the con¬ 
ductors arc on the fixed portion (Khiloy) and the magnets on the 
rotating portioit {rotor), whilst in others the conductors are attached 
to the ^'otor which moves inside magnets fl.xed to the stator. 
Dynamos also differ among th<'mselve.s in the methods by which 
tlia magnets are excited. 

In practice electro-magnets 
are always used; these 
consist of cores of iron 
wounc> with coihs of wire 
around which a current 
may be passed, the iron 
becoming magnetic '.\hil.--( 
the current is passing In 
a continuous current dyna¬ 
mo. the coils may he placed ' in p,nailer' with the external 
circuit (•‘'■/on//cm*/.s) so tha.fr part of the current, provided by the 
dynamo pas.ses through the I'oils and serves to excite the mag¬ 
netism in the cores : or they may he placed “ in series ” with the 
external circuit (.sir/e.s em'/.s) . or again there may lie both “shunt 
coils '■ and senes coils.'' In an alternniitig curretit dynamo, the 
e.xciting current is commonly provided by a sc|)arate (continuous 
current) machine 



Time 


I-'lo to \iiimtiou of Potcnt.ial wifti 
Tune ill .1 Siiicli' I’liiiBs 1 iiri'cnt. 


An imjiortanl. i lass of dynamos are those which are wound with 
three scjiarate wiinlings. s|iaeed in such a way that the maximum 
vaiiie of the lO.M.b'. ts reached in the three circuits at instants 
sepal,ited from one another by intervals eipial to one-third of a 



complete cycle. It the two eijds of each winding be kept separate 
(nifjdng six extern.d wires in all), we could use, the machine as the 
source of throe scpanite su]iplies of ordinary (“ single-phs^e ”) 
alternating current.. If. however,‘one end of each‘of the three 
windjjigs ( 1 , 2 and 3 ) is joined together (see Fig. 11 ), the other 
three ends (fan bo, joined to three m^ins supplyinj^ the’so-called 
, " three-4>hase current ” ; this is knowri as the «(ar conneet^V:^ 
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In Fig* II tho dynamo, O, is shown sending out three-phase current 
along the three wires A, B, and C, and the current is used for lighting 
tho lamps, L. Tho variation of tho potential in each of the three 
wires with the time is shown in Fig. 12. The lalnps are placed 
l)otween each pair of tho three conductors, and care should ficHaken 
to ensure that the conductivity of tho lamps placed betw'eon each 
pair of conductors is rougl^Jy the same, so as to impose an equal 
load on each of the thnss phases. If this condition can be realized, 
then the current trij|Velling outwards at a given instant along one 




Fk). lit.- Kt'tiim W ho S_\ sti'in. 



Fi(». 14.—Mo.sh (.’oimoftioii c.' (lonomlor. 


Wiri) IS earned back by tho other two. 11 the condition caanot be 
n'alizcd, then it ?a /icce.s,sary to have a fourth wire, I) (arranged 
for instance, as in Fig. ];[), to serve for the return of tho current’ 
Iho necessity for equalizing the hind put upon the three phases 
IS of considerable importance. Certain types 'of plant workeA.by 
tlirt^plhisc ciirrcnt (and c.speeially the electric furnaces used in 
steel-making, which will be de.scribcd later in this volume) are apt to 
have a very variable resistance, and tho sudden decrease ei the 
resistance lictwwm one paip of wires may upset tho* balance and 
.oauso considerable troublh at the ^mnerqting station, 



MAGNETISM 


25 


An alternative method of connecting the three windings, known 
as thewes/i connection, is shown in Fig. 14. 

Comparative Advantages of Continuous, Single-Phase and 
Three-^hase Currents for Practical Purposes. Tliero are 
many advantages in generating eleetrieity e.sjmially where it is 
to»be produced on a large scale as allernating, rather than con- 
tinilhus, current. In the first place, it .is very (aisy to transform 
the energy where it exists as alternating current from one voltage 
to another by means of the simple " st.itic tran^ormer ’’ (described 
below)^ with continuous current, the more comjilieated “rotary 
transformiTS,” which reipiirc sn|)crvision, must be used. Further, 
the form of dynamo needed to produce continuous current is moro 
complicated than the altcrnating-cuiTcnt machine, sinci' it must 
contain a commutator. Sparking often occurs at the commutator, 
causing trouble; indeed, tlu' generation of eimtinuous current at 
very high voltages becomes almost im|)ossihlc for this very reason. 
It is true that fia' certain t\ pcs of work (<■ g. electrolytic |)rocesses) 
continuous current is essential. Ibil in any ca.se the voltage de¬ 
manded for electrolytic wm'k is much lower than that at which the 
current would be sent lait from the generating station , the 
iirstallatimi of some form of transformer at an electrolytic plant 
would therefore be needccl whether high-tension continuous current 
or high-tmisi'm a'tcrnating current were rei-eived. 

As regards the comparative claims of single-phase and three-phase 
currents, it is jireferable at any rate at a large station- - to generate 
three-phase current. A dynamo ei|uip]H‘d to furnish threc-jiha.se 
current will give a larger jiowcr-ontjmt than a dynamo of equal 
size tiirnishinj^ single-phase current. Likewise the size of the 
conductors is le.ss in the case of the thrcc-jihasc system. 

Electric power is the jiroduct of tlu.current and the voltage'; 
a given aimnint of energy ciyi be conveyed either as a weak current 
sent out at a high volti^ic. or yjiowciful current at a small voltage. 
Uut since the heat jirodiimd in a condui’tor is jirojiortional to the 
square of the current stnjigth, it will require a much stoiibr con¬ 
ductor *0 avoiil overheating in the ease of the low-tension trans¬ 
mission than in tlie case of tran.smission^at a iiigMi voltage. It is 
usual to transmit jiower from the central station at a very high 
tension (lO.tKX) to 2tX),000 volti^ and then t t transform it down to a 

* Tliero is an to fins rule in llio t asi* of alttrngtinj^- 

current generation, in which the [towor tnoasurctl in watts i« gfiiorally lews 
than tho^iroduct of tho itvorage current (in ain|M'ii H) ainl tin? average H.M.F. 
(in vo(|p). This is causeti by tho hn t that the nuetnalioiiH la current do not 
genorally keep^inio w^th tho lluetuatitin.s in I'* M 1*’ ; tin; rfiaxirnftm of tho 
current curve rnny bo reaehofl an instant afl^r ^hc nuiKimurn of the 
(curve, ^r tflfee vcr.so. 
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coavoeiontly low voltage at a amall transformer station close, to 
the place whore the energy is to bo consumed. 

Transformers. The use of the static transformer has just been 
referred to. 'I’he jirineiple of this transformer is very simply. Two 
coils of wire, the primary and the secondary, are wound on a 
core of soft iron ; the primary coil is joined to the source of tjie 
alternating current requirvig transformation, the secondary being 
joined to the plant to be supplied with the transformed 
current. The alternating current pa.s.sing through the primary coil 
causes the iron to become magnetized, first in one direction, then 
in the other. This is equivalent to plunging a magnet ihto the 
secondary (s>il, first in one direction, then in the other, a procedure 
which, as we have seen, will produce a current in the secondary coil 
-first In one direction, then in the other. In other words, an 
alternating current will be generated in the secondary circuit. 

As to whetlnu' th(! E M E. of the secondary current will be greater 
or less than that of the primary current, will depend on the ratio of 
the number of turns In the two eoil.s. If the primary consists of a 
few turns of stout, wire' and the s('eondary a large number of turns 
of thin wire, th(^ voltage in the secondary is higher than in the 
primary; thus W(! get a step-up transformer. If the secondary 
consista of a fenv stout turns, and thejirimary alarge number of lino 
turns, the voltage in the secondary is smaller than in the primary 
and w(5 get a slep-don’ii transfornu-r. 

Needless to say, tln^ design of a static transformer calls for 
attention to nmny I'oinls to which only the brietc'st reference can 
be made here. The iron core must be of such a form ns to ensure 
as nearly as possible that all the lines of force generated by the 
primary coil shall pass through tlu^ .secondary'; anj^ leakage of the 
lines represents a loss of ellieieuey. Usually the core is a closed 
framework of iron Another trouble is due to hy.steresis ; ns already 
stated wlnm iron is magnetized and^leniagnetized sueeessivcly, the 
amount of electrical energy consumed^ during the magnetization 
exceeds that given up when it becomes demagnetized, the difference 
appearing as lu'at in the coro ; losses of this kind arc reduged, if a 
variety of iron havyig a hysteresis loop of small area is chosen as 
the matorinl of the eo^^. Pine iron would bo valuable in this 
respect, but the u.se of that mat(*rial energy would cause losses 
through “ eddy currents," set up in the core ifself by rea«on of.tho 
surging^of the lines of magnetic force in iU; these eddy currents 
may be redifeed by making the core consist of a number of thin 
lamination.s iiusulated from one another, and by using a mal^ial of 
lower ednduelivity, for instance silicon iron, ^iince Ihe losses due 
t8 hysteresis and eddy* mirrents arc never entirely qliipinated» 
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and since the lost energy apix-ars as heat in the core, some i^rstem 
of cooling must ho adopted ; both air-cooling and oil-cooling are 
employed ; the <)il used for transformers must he a good electrical 
insulator, capaBle of withstanding the high tensions frequently 
iraposi^T 

Fig. 15 shows the generation of hiji-tension single-phase current 

; 

. ^ 

Primary Secondary 

Kio. 1.5.—'I'rMnsitu.'^'Jhiii .nul 'I'.uisl'ni in.-il ion of SiiwIe-IMmso Ciirronf.: 

hy the dynamo (!. sitmded al ,i eenival sta.tion. This high-tension 
current is .sent along I hi' mains anil 15 to the place where the power 
is reiphred. Here it is eniiveiled hy (he step-down transformer 
T to a low-tension ennenl, whieli can he used for many (mrjKises : 
in the figure it, is shoan he,ding the single.|)liase eleetrie furnace F. 




Fig. Id shows the anal igoiis arrangement where three-phase. 
ciiiTcntjis sent out from j!lie central station, and used after trans¬ 
formation at T lor the heating ol a three-ph%ie furnace F. 
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The Metal 

(.!licinically piin^ ,iriin clifTers somewhat in properties from the 
commercial varieties of iron which have become familiar to all. 
It i.s a malleahle, duetile, and—compared to commercdal iron—a 
soft metal, which a.ssmiies a ^ood lustre 'W'hen polished. It is 
fairly liiflit, the speeilie ffravity being 7-8(), and fuses at a high 
temjM'i'atiire, namely, RodiOO. 

'I'Ik' properties of iron are, however, much modified by the pre¬ 
sence of even very small amounts of other substances. The hardness, 
for instance, is very greatly iiw^rciised if small traces of carbon, 
.silicon, or even hydrogen, arc present. Moreover, in spite of the 
fact thair the metal is normally extremely tough, iron containing 
a litth^ sulphur is often extremely brittle ; the elleets of the different 
('lements upon the |)r(iperties of iron will be discussed in detail at 
a later stage. 

Finely divided ii-on (such as is produced by heating the oxide 
in hydrogen) is jiyrophoric and takes tire when brought into the 
air. On tlu^ other hand, compact iron is unaft'ecteil by dry air at 
ordinary temperatures, but becomes superficially changed when 
heab'd, an oxidi7.(!d film of limited thickness being produced. The 
oxislene(! of this film produces a coloration of the surface, which 
deiK'nds mainly on the tem|X'rature at which the iron has tjcen 
heated. Th<‘so “ temper-cohmrs,” as t hey are called, arc probably 
due mainly to interference betw’een thp light-rays reflected resiMJc- 
tively from the inner and oirter suffacej pf the oxide-layer, the 
wave length of light thus destroyed beiiv; determined l)y the thick¬ 
ness of the film,' , 

The teni|H>r-colours [)ro<lueed upon ordinary ste('l at different 
temperatures an* shown ^by the following table ; the exact tem- 
(ii'ralure at which a given colour appears depends .somewhat on 
t he composition of the steel. It Aill bo observ'cd that the order 
of tin' coloni's is that which one would exjx'ct from thdory ••At 
a lovf temperature, the thickness i.s just suificient to cut out the 
shortest (violet) rays, and tlu' resultant light is yellow,; at a 

* tiowevrr, /V<»r. Itaij. Sot'. 94 (1918), .VOti, 8tatea>thnt tli^rolour 

tUji's not ult-cr wlu'ii tlio Him lA n*ntlon'rl ilnrmor by polishing. Ho rogardii 
tho colour ns duo partly t-o Ihe soloctivo alworption of certain wave-lengths.^ 

' * 
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higher temperature, longer (yellow) rays are extinguished, u*id the 
eolour produced is blue. 

Temperature. Colour obtained. 

230® C. e. ■ l.ifilit straw i-oloiir 

(!. Ill o\\ II \ allow 

2(15-230° r. . . I'iu|ili' 

^ 288° C. Hriclit. Iiluo 

. 300° C. ^ l»ik hluo 

When heated at high teinperatnrcs, iron bcconies coNcred with 
a comparatively thick bluish-black scale, which is often regarded 
as the magnetic oxide FcjOj, although the oxygen-eontent of the 
scale (fecreases as we jmss from the outer layei's inwards ' ; the 
portions next to the apparently unchanged metal are said to htive 
a compo.sition ix'prcscnted apjiroximately by (iFeD.l'VjO,,. Modern 
research2 has shown that even the a|)parcntly unchanged ])artK 
of the metal bidow the scale are allected to souu' extent, for the 
oxygen penetrati's deep into the metal along the grain-boundaries : 
it appi'ars that at first a solid solution of o.xygen in iron is pro¬ 
duced, but that when- at a given [sunt - t he oxygi'ii-eontcnt reaches 
a certain d(“gree of su[X'rsaturation, oxide is throw n out as a se|iarate 
phase. This oxide first ajipears as globules along the intergranular 
boundaries, but as the oxidation jiroceeds the globules grow until 
they form continuous layers, thus causing intergranular brittleness 
in the parts of the metal so alh-eted. 

The chemical nchaviour of iron varies considerably with its 
purity. By exercising e.xtraordinary prei'antions, Jjamhert ‘ has 
proiluced iron so })urc and homogeneous that it is not attacked 
by pure water cont.ainmg dissohed oxygen, and even carbondioxidm 
But iron purituat by ordinary methods is ipiiekly “ rusted by 
water containllig oxygen, although jiui’c air-trei-water has no action 
upon it. The red or yellow “ rust, ’ jii odueed consists essentially 
of ferric hydroxide. In tne nri'sinicc of <‘arbon dioxidi', or traces 
of other aeids, the attock iptlVi the jnm takes place more ipiickly. 
The nature of the rusting and corrosion of iron will Ix' fully dis¬ 
cussed in the technical jji'elion. It nei'd only he mentioned hen' 
that the rust dix-s not in any way protect the iron from further 
attack, since it is neither closely adheient^ t*i the metal, nor 
impervious to water, nor distrihuied 'uniformly over the sur¬ 
face ; indeed, when onco rus'iing has eominenced at a |W)int, the 

analyflefl bv (I. Mosandcr, Aiw. J'htfH. 6 (1H20). 3.'i. 

«.T. K. Stend. .;. In* SUil /a.s(. 103 (1021), 271. Cm.iiiiire ^1 m» iiiler- 
esting work on thi* actiiwi of oxidizing giAes ut low- laeshiircri Sn iron di-siTtlx-d 
by H. C. IT. Carpenter and C. F. Klain, Jniti Invi 105 (1022), S3. 
Seea»oN. B. JUling and U. E. Tlrslwnith, Iml. M.t. 29(1023). 

® B. Laniliert and ,1. C. TliomHon, 3Vcias. CVnm. .S'or. 97 (I5l0), 2420. 
B. Lnndj^rl, Truio.. Ch,tn. Abe. 101 (1012); 3(1.50; 107 (101.5), 218. 
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attack usually continues with an accelerating velocity. On the 
other hand, the compact film of bluish oxide, generally stated to 
be FejO,, which is formed when steam is passed over iron or when 
red-hot iron is plunged into water, is of a diftereilt character, and 
does to a considerable extent protect the metal froril further 
corrosion. 

Iron dissolves in dilute sulphuric or hydrochloric acid, yielding 
solutions of a ferrous salt, hydrogen being evolved. It is also 
attacked by dilute nitric acud (specific gravity below 1-2), but the 
concentrated acid'^(specific gravity exceeding 1-3) causes iron to 
a.ssume the “ )Ki.ssive state,” in which it is no longer dissolved at 
any important rate, although it has been shown that a slow dis¬ 
solution continues after passivity has set in.* Passive iron does 
not preei[)itate silver from a silver nitrate solution, nor coppiT 
from a very dilute coj)])er sulphate. It should be stated that the 
ultra-])ure iron ])rei)are(l by Lambert also fails to deposit copper 
from eo))))er sulphate solntiim, hut it does .so readily if locally 
strained by pressure, an eleidric eouiih' being set up between the 
strained and unstrained portions. 

Anodic Behaviour. The passivity of iion is best studied by 
experiments on the anodic behaviour of the, metal.^ When cur¬ 
rent is forced through a cell furnished with an iron anode immersed 
in a sulphate solution, the iron will pa.ss into solution readily 
enough so long as the current density is not too high, ferrous ions, 
Ee”, being mainly produced. If, however, a ('(irtain limiting cur¬ 
rent density be exeeedi'd, the iron beeonu's passive, and dissolution 
practically ceases, tln^ ‘‘ current eliieieney ” of th<‘ attack dropping 
from over !)!) jicr cent, to about 1 per cent.* At the same time, 
the anodic jxjtential rises ({uiekly ; and, if the lO.Al. F. applied to 
the cell is suflicient, (!V<ilution of oxygen (;ommences. It is note¬ 
worthy that wlnui once p.assivity lias^set in, mere lowering of the 
current density dws not I'cKitore f^e aeti^;ity; hut if the current 
is turned olT altogether, and the ('h-et.ode is allowed to rest in 
the solution, activity generally returuj' quili' suddenly after a 
certain interval, .\fter this change has taken ])lace therron has 
re-acquired the qsjjver to be di.ssolved anodically at low currsnt 
density. 

It should bo noted that the prekuico of acid favours the active 
condition, whilst alkalis favour the passive staVe- -just the opposite 

. * » 

‘ H. L. Hcstlicote. .;. .S'er. I'hrm. hid. 26 (I007t, 399. 

* t'. Freilenliageu. Zi'Uurli. hhi/.i. Chrm. 43 (190.3), 1; E. P, .Scnoch and 
C. P. BB»d(it|il>, J. Phy.i. C/ii m. ‘l4 (1910), 719. « * 

*Tts'ai' auiubers are quotertifrom a paper bv t'. .1. I-obry do Bruyn, 

^le. C/iim. 40 (1921), 30.* 
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to what U observed in the case of molybdenum. In an aci(f solu¬ 
tion, the current density which must be exceeded before passivity 
sets in is high, and, even if passivity should occur, it soon dis¬ 
appears^ again after the cnirrent has been shut off. On the other 
hand, mVn alkaline solution, a very small anodic current density 
wijl bring about passivity, and, even after the current has been dis¬ 
continued, passiWty will remain for a long lime if the polarized 
iron {inode is kept in the. alkaline bath. 

These facts are explained on the a.ssumption that pas.sivity is 
connected with a jirotective oxide iilm, slowiy*soluble (as are all 
the oxides of iron) in acid, and insoluble in alkali , the fact that 
molybdenum oxide is known to he soluble in alkali and not in 
acid satisfactorily explains tin reverse behaviour of that metal.' 

It should, of course, be understood that the “ oxide-lilm ” is 
extremely thin- so thin that it does not appreciably alter the 
relleoting power of the metal.' The layer is, however, sufficient 
to interfere with the expulsion of ions from the iron under the 
influence of ultra-violet light; the " jihoto-eleclric effect " has been 
measured for active and passive iron, and is found to become 
greatly dimini.shed when the iron is rendered passive." It is quite 
possible that the so-called oxide-lilm is really eomjiosed of a single 
layer of oxygen atoms attached to the surface of the metal, or 
possibly a layer of di.scharged ions rich in oxygen. In any case 
it is almost certainly wrong to atiribute it to any of the oxides 
(c.g. FejO,) which arc known to us in the mas.si\e state.’ In 
the case of iron whieli has been rendered jiassive in nitric acid, 
or in nitrogen js'roxidc, it secins ipiite possible that passiiity is 
connected with a layer of adsorbed nitrogen jieroxide.' 

As has already been noted in the ease of magnesium, the presence 
of soluble chlorides is extremely lavoprable to the iiiaiiitenance 
or the restoration of the .letive eondition. .V siiiall aniount of 
sodium chloride will preveiif Ac pa.sj|iNation of iron b^' immersion 
in dilute chromic acid. Iii^iiilarly the priseiiei- of a small amount 
of chlorides may prevent^the amslic pa.ssivation of iron even at 
comparjjtivcly high current, densities. The chloride iloes not, 
indeed, prevent the formation of insoluble matter at the anode, 
but it docs prevent it ap|S‘aring as a thin’ and compact protective 
film. When a solution of sodiam chloride is electrolysed with an 
iroq,anodo, the anSdo becomes covered with a loose black film 
which on rubbing easily comes off from the metal, leaving :t blight 

' Comimro W. ,T. MaUor amt J. Kdnigsborger, Ztilfich, ^Uktrockem. 13 
(1907), b89 ; 15 (1909), 742. 

* H. B. Allen#TranA. Fariuloif Soc. 9 (1914), 247. • 

* U. R. Evans, Tnins. Faraday Foe. 18 (19^2), 1. 

j W. Voung and E, M, Hogg, J. Fkya. Chtm. 19 (1915), 017. 
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suriaic below ‘; in iwiditioii ii dirty olive-gr(!cn precipitate is 
formed in the .solution. On tlie otlier hand, in a nitrate solution 
there is little or no v'isibic change in the surface of the anode, 
th(! thin fdm formed being apjiarently as compoct as the metal 
itself, and thi- iron soon iM^eomes passive. Probably the •ffirmation 
of a loo.se precipitate in the pre.senee of chlorides in.stoad of a con- 
tinnons thin layer depends largdy on the values for the interfacial 
tension between the materials involved. 

Laboratory Preparation. The .simplest method of obtaining 
eompa(d iron from its compounds in the laboratory is by the 
(h'ctrolysis of a salt solution, for instance! ferrous sulphafl'.® The 
conditions which must b(! obs('rvi'd to bring about the efficient 
dejiositiou of iron on th(! cathode an! discussed in the technical 
sciction, Eleetrolyti(! iron generally contains sufficient hydrogen 
to mahe it abnormally hard, but is otherwi.se extremely pitte. 
'I'he hydrogen-content depends larg<‘ly on the temperatun! of 
deposition, being less than 1 part in l(),OtM) when the deposition 
takes place at 7.o“C., while the iron ])i'ecipitated from a cold bath 
may contain manly 1 ])art in l.tMIt). Thi! hydrogen i.s largely 
remov<‘d when the metal is heated, and the iron becomes soft. 

Pure iron can be obtained in a finely-divided condition by heating 
the pure oxide in a current of hydrogen. The method u.sed by 
Lambert ' for the preparation of his ultra-pure iron was tliefollowing. 
A .solution of very pure feme chloride «as electrolysed between 
iridium electrodes, and the cathodic de]iosit was dissolved in nitric 
acid to yield ferric nitrat<\ The salt was |)urilied by reerystallizing 
four or live times from a solution in a eoneeiitrated nitric acid, then 
igrnted to yield ferric ovule, which was reduced to metallic iron 
by heating in an iridium boat in a ciiiTent of jitirilied hyib'ogen. 
Por details, the original gaper should be eonsnited. 


• tkompoffntls' ^ 

Mivst of the eonipounds of iron are fti'rived from the two oxides, 
Pet) and Pe.,l)j. Until these oxides have ba.sic projierties, and 
two large series of salts, known respectively as the feft'ous and 
ferric salts, exist? .‘\s< usual the basic pro)K'rties are most pro- 
nouiieed in the lower oxide , sijliitions of the ferric salts suffer 
partial hydrolysis with comparative ease. .Verrie oxide has akso 
a fee^(le acidic eharaeter. forming readily hydrolysed salts Rfiown 

'll. K. VVliilo, ,/. Chrm' 15 (Hill), 

I’l'iilT, Zril-o/i, EhUmhnn. 16 (IIIIU), 217. 

•* H. TrxruH. ('hem. So<'. 97 (1910), 2429. ^ • 

•'Hit' clu'imstry of iron (i|fnipouiulH is dosonht'tl iii dutail by K. MfiHor, 
“ I>»w Kimoii imd aemo V«i*bmdui»gt'n ” {SU'inkojiff, 1917). ^ 
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as ferrites. More highly oxidized compounds, the ferrateat con¬ 
taining hexavalent iron, are known. An oxide. FcaOi, intermediate 
in state of oxidation between FeO and FcjOjalso exishs, and certain 
intermediate salts, which can be regarded as derived from it, have 
been destribed. 

A. Compounds of Divalent Iron (Ferrous Compounds). 

Ferrous oxide (FeO) is a lilack substance most easily prepared 
by heating ferrous oxalate a not uncommon iffelhod of obtaining 
the lower oxide of a metal. It is also formed when the higher 
oxides are gently heated in a euirent of hydrogen or carbon mon¬ 
oxide, but in this case there i. a danger of a further reduction to 
the metallic state. When exposed to the air, it very readily be¬ 
comes oxidized, and can therefore only bo preserved in an atmos])here 
of an imliflerent giis. 'I’he finely-divided oxide usually j)roducod 
from the oxalate takes up oxygen with so inueb vigour, wiien 
brought into contact with air, that it often commences to glow 
brightly ; when brought into contact with water, it slowly evolves 
hydrogen. The corresponding hydroxide, Fe(OH)j, is formed 
when an air-free solution of a ferrous salt is i)reeipitated with 
caustic soda. If the jiresence of air is entirely avoided, the pre- 
cijiitate is white ■ but, if a trace of oxygen has access to the solu¬ 
tion, the colour i.s gioyish-green. Upon continued exjjosurc to the 
air, the mass darkens further, finally being eoni])let(iy converted 
to red-brown ferric hydroxi<le. Here, again, considerable heat is 
evohed during the oxidation. 

Ferrous Salts. When ferrous oxide is dissolved in acids, the 
ferrous salts art' formed ; they are more conveniently produced 
by the dissolution of metallic iron in tUr; acids, hydrf)gen being in 
this ciusc evolved. 'I'hc solutions have usually a pale gi'cenish 
tint. Ferrous salts ar^mucli ^orc siable and less liable to oxida¬ 
tion than ferrous hydrde’/ie," although when the solutions are 
exposed to the air, slow^oxidation does take phu’e ; the rate of 
oxidatifgi is eon.siderably increased by the pre.senoe of nitric oxide, 
which acts as a catalyst.^ Since ferrous oxide (wstrong base, the 
solutions of the ferrous salts are not s|)ecially liable to hydrolysis, 
and the salts can be obtained rtithout dillieulty in the solid state. 

F^roua sulphatS, FcSOj.THjO, is a light-green salt crystalliz¬ 
ing in two forms, moiioelinic and rhombic, respectively hiomor- 
phous with the monocluiic and rhombfc forms of magnesmm sulphate. 
The t%o salts are therefore said to be “ isodimorphous.” In the 

• 

^ * K. Thoi}^ and E. T. Williams, Trans. ChenS^ Soc. 119 (1021), 749. 
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case ^ ferrous sulpfuitc the most stable form is the monocUnic, 
whereas in the ease ijf magnesium sulpliate it is the rhombic. 
When a supersaturated .solutif)n of ferrous sulphate (obtained by 
evaixjrating a solution of iron in <liluto sulphuric acid) is allowed to 
crystallize spontaneously, the monoclinic variety is ^rdduced. 
But, when crystallization is started by adding to the solution^ a 
crystal of rhonduc*’ magi'csium sulphate, the ferrous sulpliate 
crystallizes out in the rhombie form , eoinersely, when in a super¬ 
saturated solution of magiu'sium sulphate, crystallization is initiated 
by “inoculation” with a crystal of monoelinie ferrous sulphate, 
monoelinio magnesium sulphate is produced. The rhombic form 
of EciSOj.VHt) is isomorphous «itb the stable varieties not only 
of magnesium sulphate, but also wilb tbe sulphates of zinc, nickel, 
and most other divalent midals. If the crystallization of the 
supersaturated solution is started by means of a trielinic crystal 
of copper sulphate ('uS(),..">H.;0, then tbe pentahydrate of ferrous 
sulphate (FeSOjO) is |>rodueed in trielinie crystals isomor¬ 
phous «ith copper sulphate. 

The auhydrous sulphate (FeSO,) is obtained by cautiously 
heating tbe hydrate at 3(10 ’(', care being taken that the tempera¬ 
ture does not rise too bigli. or o.vides of sul|)liur will be evolved 
and ferric oxide left behind. The anhydrous salt is a white, 
hygroscopic powder. 

A double ferrous ammonium sulphate (Nil,)..SI), FeSO, (IH-O 
can be obtained fidin a solution ot ferrous sulphate eontaining 
ammoilium sulphate. It tornis greini inonoeliiiie er\slabs w'hieh 
are less liable to oxidation than the .simple salt. 

Ferrous chloride is ohlained in soliilion by dis.solving iron in 
hydroi'blorie arid. The solution, when evaporated with exclusion 
of air, depo.sits blnisli eryslals of oiii' of the hydrates (such as 
FcClj.dHaO or Fet'L.tiH.O) .Although the hydrate, if heated 
alone, is apt to lose hych-ogcii ehlo^lde, the anhydrous salt can be 
obtained by heating it in the presei^..- oi aiiinioiiium chloride. 
Anhydrous ferrous chloride (Fet'D is, Ipniever, more readily pro¬ 
duced by the action of gaseous hydrogen chloride upon jiictallic 
iron. It is a w.'iite or greyish bodv, volatile at a red heat; the 
vapour density at 1,3IH)*’('. is iiornial, indicating that gas consists 
of simple molecules Fet'l.,: but, af lower tenijieratures, a.s.sociation 
evidently takes place, for the lapotir beeonu's abnormally lit’avy. 
Like the anhydrous chlorides of many other divalent metals (e.g. 
calcium chloride) ferrous I'liloVide is deli(|mi«oent, and dissolves in 
watf'r with the evolution of beat. Ferrous eliloride, both in jolution 
and in the solid stat<', becomes oxidized niueh more readily than 
ferrous sulphate. 
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Ferrous nitrate (Fe(NOj)j) is fornied in solution whonVon is 
dissolved in very dilute cold nitric lu'id. 't’lie solution is naturally 
very unstable, since nitric acid tends to oxidize ferrous salts to the 
ferric |tate. A solution free from nitrii^ acid is obtained when 
ferrouif sulphate is prceiiiitatcd with the e(|uivaient (luautity of 
bivium nitrate ; this solution, concentrated by evaporation at 
60° C., yields green crystals of ferrous citrate 

Insoluble ferrous salts, wide h include the carbonate, l''i ('t),,. 
and various phosphates, .such as Fe,,(!’(»,)„ one oli(ain<d by pre¬ 
cipitation of an air-free ferrous salt solution. Moth of the salts 
nicntioned are white precipitates, which reaililv become greenish or 
blue by absorption of traces of o.vygen from the air Thi' sulphide, 
KeS, on the other hand, is a black precipitate obtaimsl when a 
ferrous sulphate solution is treated with amnioinnm sulphide. In 
a more compact form it is obt.uned by Imating inm m molten 
sulphur; produced in this way, the sulphide pos.se.sses a metallie 
lustre. The sulphide is readily dissolved by dilute acids, hydrogen 
sulphide being evolved, and is in fact used in the laboratory for 
the prejiaration of that gas 

Ferrous oxalate (Fe(',,<),) is produeed as a \ellow precipitate 
when potassium o.xalate is added to the eipinalent proiiortion of 
ferrous sulphate in .iipieous solution II e.veess of jiotassium 
oxalate be added 'he yellow preiipitate slowly redissoKes, an 
orange solution heitig produced which coiit.iuis the double oxalate 
(K.CjDi.FetkO,). 'I'he rate of dis.solutiou ol the insoluble single 
oxalate in potassium oxalate is. even at Htt) (', soiiiewhat slow . 
but the .same orange .solution of the loiiiplex oxalate is ipiiekly 
obtained wheti tjie fiTious oxalate is added hi an excess of potassiiitii 
oxalate, and mil vin vcim. If the addition is made eaiefiilly. 
with stirring, so that jiotassium oxalate is alwaxs. and at all jioints. 
in excess, no precijiitate w'll i " toinied 
^ • 

NItroso Compounds Ferrous .salts form interesting additive 
compounds with nitric oxide (N’t)) If. lor luslaiiee, nitric oxide gas 
is bubbled through a solution of leiroiis suljihate. or of ferrous 
chloride, it is absorbed, the .solution beeouiiiig gijetiish-brown or 
black. On boiling, however, the nitrii Ti.xide is again evolved, 
and the dark e-olour di.sajijiears* The hlaek eoloration is ajijiar- 
ently^due to a eon.pound such as Fe.SO,.NO or Fe('l.;NO. in 
aqueous solution an equilibrium is set iiji between the eenqilex 
anil its constituents ^ ^ 

FeSO, -t- .NX) FeSO^.XI) 

*1(1 the,qiftntity of nitric oxide gas absorlied varies with the con-^ • 
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ditions* but if an alcoholic solution of a ferrous salt is used, the 
amount of nitric oxid(!rabaorbcd is jiractically equivalent to that 
of the iron salt j)rescnl. 

The isolation of these “ nitroso-compounds ” in the solifl state 
is not especially easy, since the brow'n solutions lose nitrid oxide 
when Ixaitod. Jfowever, by the addition of alcohol to a stropg 
iiqueous solution of ferroiw sulphate saturated with nitric oxide, 
the dark brown coin|)ouiKl SFotjOj.NO.lltHjO has been obtained 
in crystals.' ^ 

'I'he black coloration due to the same type of compound is 
)btained very easily by treating a ferrous sulphate soluti&n with 
«)(lium nitrite ami sulphuric acid ; the nitrous acid (HNOj) set 
[r(* is reduced by part of the feirous sul])hate to nitric oxide, 
which then combines with another portion of the ferrous salt. 

An insoluble bnnvn compound EcHPOi.NO is obtained by 
mixing solutions of ferrous sulphate and ammonium phosphate, 
m as to obtain a white precipitate of ferrems phosphate. The 
mixing is carried out in a vessel coTitaining hydrogen, so as to 
avoid oxidation. After mixing, the hydrogt'n is r(q)laced by nitric 
oxide, which is readily absorbed, the white ])reei[)itatc turning 
brown." 

11. Compounds of Trivaleiit Iron (Ferric Compounds). 

Ferric oxide, lA^O,, is formed in the anlijdrous condition 
when ferrous sidphate (FeS04.71Id)) is Imated in air The water 
of crystallization is lirst driven oil, and linally.iqxm strong heating, 
sulphur trhjxide is expelled. It is possible that ferrous oxide is 
formed in the lirst instance, but is immetlialely dxidized by part 
of the sulphur trioxide to ferric oxide, .so that the reaction can b(^ 
expressed 

.t. • 

aFeSO, -2Fe() s 2SO,, - ■ Fed),- t SO, t 80,. 

f 

Ferric oxido can also be obtained by hepting the ferric salt of any 
volatile acid such as the nitrate, carbonate, oxalate, orc-acetate, 
or by igniting Dim precipitated “ hydroxide.” The coloin- varies 
considerably according to the method of prejiaration. The oxide 
obtained by heating fciTous suli)hato has a bright orange-red 
colour, whilst mos' of the other salts yield‘a brc»w n cr piifplish 
product. The orange-red o’cido darkens ueonsiderably on being 
heated above (i.'K)'’ 0., becoming reddish-brown, anil finally acquires 
at 1,(M)0“0. ,a lustrous black or blue-black appearance ^tsimilar 

' W. Munollot amt t''* Huttaor, Lith. -tim. 372 (1910), 106. 

, MV. Monchot, Ber. 47 (1914), ;601. , ' 
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to that of the natural “specular iron ore "). These chan|;es are 
permanent; the original colour does not return on cjsoling. 

It is notewortliy that this striking variation in the appearance 
of tho^oxide is*mcroly due to the shape and size of the particles. 
The atrftngeinent of tlie atoms in the particles is the same in all 
oases; there is no occasion to refer the matter to “Isomerism." 
Samples of the powdered oxidi' jircpared in tnf('iity seven dilTerent 
ways have been examined by means of the X-rays, and in every 
ease the crystal-structure has been shown to be the same ' Tin' 
special cau.se of the bright colour of the o.tWe bbtaim'd by heating 
ferrouif sulphate is that the particles consist of thin transpan'iit 
lamella!; on heating at 7W)-!KK)° C., the particles tinite to form 
granules, thus producing a dni kening of the mass, whilst the oxide 
iK'comes densiT, and Iiss reactivi' towards acids, owing to the 
diminution in the surface area. 'Die oxide obtained by heating 
the oxalate is granular and dark from the moment of production. 

When a solution containing ferric and aluminium salts is pre¬ 
cipitated with alkali and the mixi'il hydroxides are dehydrated by 
heating, the jiroduet is reddish lirown if iron is in excess, but. yellow 
if aluminium is in excess ; the function of the aluminium hydroxide 
apiM'ars to be to preieid the agglomeration of the ferrie oxide 
paiticles, which wijuhl cause the red colour Dther substances, 
such as calcium sulphate, if co-jirccipitated with ferrie hydroxide, 
have a similar I'l.ct, causing the colour of the product to be 
yellow - 

It may be remi'inbered that the variation of the colour of ferric 
oxki. has already been referred to in the section on ' (.'cramics ” 
(Vol. II) in connection with the colour of bricks. 

The corresponding “ ferric hydroxide ” (usually wTitten 
Fo(OH) 3 ) is a brownish-red xoluminous and rather gelatinous 
precipitate, which is obtained when a ferric salt, solution is pre¬ 
cipitated xvith ammonia. Th study of its behaviour on freezing 
suggests that the precip“ '.te is not a delinite hydrate, for the amount 
of chcmie,ally combined water is found usually to be much less than 
would ^correspond to the formula Fe((IH);, and varii's with tho 
mode of formation ' RulT,' it is true, claims Jo have produced 
three hydrates of definite eom|iositi<m bt' heating the precipitated 
» 

‘J. A. Hcdvall, Zi.l^rh .laon/. Clinn. 121 (I!t2l), 217. 

•t. H. Voe, J. Pliy«. Clum. 25 (1921). 19«. 

* H. W. Foot-o and Saxton, J. Amt-r. ('hrrn. iSoc. 38 588 ; 39 

(1917), 1103. Conipart'^tlu' work of van Anorg. ** 

Chetn. MJ (1899), 185. who as a result of th»‘ study (d tho vapour pressure 
during the dcj^vclrntion of prccipitotefl ferric hytlroxide, concludes that it 
contains no definite hvdraU's. - 

^ *0. Ri^, Rrr. 34 (1901). ,3417. 
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tiydroAdo for some days under a very high pressure (5,000 atmo- 
(pherc), the cotnjidsition depending <»n the temperature, thus :— 

2Ke.O,|.IJHjO .after treatment at 30°-42-^° C. 

Ke.Oi.H^O after treatment at 42-5°-62-5“ C. ^ r 

2Fe20j.l{Af after treatment above 02-5'’C. 

\eeording to later writers ■ otdy tin; second compound, EejOs.UjO 
which may be written FeO{OH) ), has any real existence as a 
dieinical individual. 

Colloidal solutions of the hydroxide are produ<!ed by pcptiza- 
ion of the i)r('cipitated hydroxide, 'riius, when precipitated ferric 
lydroxide is shaken with a solution of ferric chloride, it .appears 
<) pass into solution, a deep red liquid being obtained. A great 
leal of ferric chloriih^ can then be removed by dialysis, but as the 
K'ptizing agent is removed, the solution becomes more and more 
instable and the partiele.s tend to join together to form larger 
iceondary aggregati's. Finally, before the last trace of chloride is 
•einoved, a visible precipitate of ferric hydro.xide apjie.ars. If, on 
he other hand, an appreciable amount of ferric chloride is left in 
he liipiid, it can be preserved unchanged for some time, although 
t is at once lloecniated by the addition of alkali. 

The I'olloid parlich's of ferric hydroxide have a |)ositive charge, 
ipparenlly owing (o I he adsorption of ferric ions. 'I’lie colloidal 
lolution, as explained in Chapler VII (Vol. I), can be regarded as 
-he .solution of a complex salt of indefinite composition 

.rl'V(t)ll)., i/h’et'b, 

which is dissociated into the two ions 

.i'I*V(()H)t i/Fe"' and 3//t'l', '' 

.he first ion being, of course ."the colloidal particle.^ As the amount 
if fi'rrie ehloriile in the liipiid diminii,hes, the value of y necessarily 
becomes smaller ; that is, th<‘eharg» on eiw4i particle diminishes. 
The particles tln'iefore tend to join togi^tier to form larger aggre¬ 
gates, and tinally (iroduce Hocks of visible size, which constitute 
the precipitate. " 

(killoidal solutnmi' of A'lric hydroxide are also produced by 
interaelion of ferric chloride and soil^ium hydroxide in rather dilute 
solution, care being taken that one of the rca,gents is continually 

N ' .1. 

in exueits. Thus by running 20 e.e. of sodium hydroxide into 

« 

* K, Poanjrtk mid K. K. Morwui, .-(mcr. .7. Sd, 47 (1919), 311. 

H. H. nViMor, J. rhijs. r/tf’m. (1920), 277. 

• I'omjmre \V'. I'tmh aiul .1, Matiiia, Koll. 21 (1917), 49. 



IRON 


30 


N • 

30 c.o. of ferric eliloride, wjiieh is eontiimnlly shaken during 
lOu 

the process, a colloidal solution is produced in which the particlos 
have TDOsitive charges due to adsin’ptitm of ferric ions ; if, on tlic 

• • N . . 

other hand, tlie conditions art' reversed, -0 e.e. of ferric chloride 

. N • . . 

iK-ing added to iJd c.c. of sodium hydroxide, the ))articles 

have a negative eharg(‘, due io tin* adsorption of hydroxyl ions. 
If the two reageids are mixed in (‘fpiivalent pr<)]>(^rtions, precipi¬ 
tation (KMmrs.^ 

Ferric hydroxide “ sols ' are jUso ohiained dirirtly hy the 
hydrolysis of ferric s:dt solutions. Wlii'ii a cold soluti'Hi of fertie 
acetate is subjected to dialysis, sf) as to remo\e tlie acetic acid 
which is formed by bvdrolysis, a deep bbiod-rcd or reddish-brown 
liquid is obtained, wliieb is known as the Graham colloid ; it 
is coagulated by traces of .sulplnirie acid, and liy alkalis (but- not by 
by<lroehlorie acid), the pr('cipita1<‘ Ik ing of a gelalinous character. 
On tb(‘ otluT bami. wlieii diliitf' ferric aeetab' sftlution is beate<I 
fiir sonu' time, so as to drise otl most of the aeetie acid as vapour, 
» an orange-re<l or brick laal solution kmovn as tlu' Pean de St. 
Gilles colloid is produecd Tlus !i<pnd also gives a- gelatinous 
precipitate wi*b 'Ul]>bmie acid, but on treatment with b\alrtH'hloru‘ 
acid it gives an oiange-re<i ]>r<‘ei])ilatt‘ of a samly ebaraet(‘r, which, 
if washed free from acid. reilissitlvi'S in pure \\a.ter : in this respect 
ibe Pean <1“ St. Cilles eolloiil differs from tlie Orabain eolbtid The 
sohitions of the IVan de St. (iilles eolbail appear opalescent by 
reflected light: it is sometimes reierr<-d to as meta, ferric hydrox¬ 
ide.” The difterenee betue<-n the Graham and IV-an <le St. (lilies 
colloids i.s probably largely due to (ho. difh renee in the size of the 
particles; tlie jiarticles appi.ir to be smallest in the I'aw' of the 
Graham solutions- .ljut jusf hei-anf^i^ the pa.rtieles are v<Ty small 
ill those blood-red solutK is, they eoah see naulily. yielding a gelatin¬ 
ous coagulum, which is, iniiel) less readily broken up (pejitized) 
than sftndy precipitates containing the larger jtartieles. I Ikto is 
no sharp distinction het\\een the (oalnun aj^il Pean de St. (.«illes 
colloids. 'I'lie size of particles ohtaim d vanes eimtinmuisly imeord- 
ing to the conditions of preji.^ralion 

•'She c.jlour varies with the sizi* of the particles. Ihe smallest 
particles, present in 4:he Graham colloid. eonfiT a reddisn-hrown 
• 

* F* Powifl, Trans. Chftn. Sor. 107 (1915), 81H. 

* W. D, Barferoft,./. P/iy.s. Chftn. 19 (1915), 232 H. B. Wowir, J. Phy«, 

Chem. 24 (1920), 277. • 



40 


METALS AND METALLIC COMPOUNDS 


coloui*: larger particles confer a yellowish colour. But continued 
boiling of the yellow colloid seems to lead to the formation of still 
larger particles, which possess a brick-red colour.^ 

The gradual variation of colour with the size‘of the particles 
is shown clearly when the piarticles of different sizes are Separated 
by centrifuging. Like many other hydroxides, ferric hydroxide, 
prepared by the prccipitiption of ferric chloride by ammonia, is 
capable of being jx'ptized by purt! water if washed quite free from 
the jwccipitant by means of a centrifuge. If after several washings 
the hy<lroxidc is suSpended in water and run through the centrifuge, 
the bigger particles will be thrown outwards on to the walft of the 
rotating vessel where the liquid enters the centrifuge ; this deposit 
is found to have a yellowish-browii colour. The smaller particles 
will bo deposited further from the entrance, and hero the deposit 
is observed to ho dark red ; tho smallest particles of all will remain 
suspended in the liquid that emerges from the centrifuge, and this 
is found to have a eberry-red colour.- 
Fcrric Salts, When a solution containing a ferrous salt is 
heated with an o.xidizing ag(!ut, e.g. nitric acid, tho corresponding 
ferric salt is fornual. Eerric oxide is less strongly basic than the 
lower (ferrous) oxide, and ther<^ is a considerable tendency for the* 
.salts to hydrolyse. In eonsecpionce, although the ion Ee'" is 
|)robably colourless, thi! solutions of ferric salts are usually orange- 
red or brown in I'olour due to tho presence of colloid,al hydroxide 
or of basic salts, which in some cases separati? out on standing; 
upon the a<ldition of freis acid, tlu' colour becomes paler, and in 
the case of the sidphate and nitrate, disappears.^ 

Th<'rc is little dilHculty in obtaining the solid salts by the con¬ 
centration of the solutions. For instauei', by boiling a solution of 
ferrous suljihate containing '.litric and sulphuric acids, and evaporat¬ 
ing the solution obtained, the ycl’,ojvish-white ferric sulphate is 
deposited,* It is worthy of note tipat som|}, varieties of this salt 
have a j)cctdiarly low “ velocity of lE.Csolution,"’ although tho 
equilibrium “solubility limit” is quitediigh. When introduced 
into wati'r the salt may appear, to a ha.sty observer, to bo prac- 

^ If. It Wi'iser, "A'/s. iVtcm. 24 (11120), 319, doflerilws* experiments to 
.show tho “ stop-wise clmnan " from tho hrowai colloid (small particles) through 
tho yellow to tho hrick-red colloid (largd jiarticlcs). 

■ R. Rriuifiold, J. Amcr. Chrm. Aoc. 44 (1922), 905.'' , 

® See S. IT. Pickering, Proc. Chrm. Soc. 29 (1913), 192. 

* DfffAoiit statemciita regarding the amount ot water of crystallization 
have been pulihshed. A ean'ful investigation by P. Appleby and S. H. 
Wilkes, 3’rons. Chrm. Sar. 121 (1922), 337, has established tho fact'that the 
normal salt is FeilSO^lj.THjO or Fe, 03 . 3 S 0 a. 7 H, 0 , but frem highly acid 
solutions on acid salt Fe,O,.4fi0j.9H,O is deposited. A basic salt 7Fe|0,. 
1430, also appears to exist., 
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tioally insoluble. As in the corresponding case of anhydrous 
chromic chloride, the rate of dissolution is said to be greatly in¬ 
creased by the presence of a reducing .igent, a trace of ferrous 
sulphate being* effectual.^ The sohition of ferric sulphate is 
brownfelf, and possesses an acid ronction, being largely hydrolysed. 
If, the solution containing potassium sulphate is concentrated 
by evaporation, it deposits cxitahedra' crysttals of iron alum, 
KjS04.Fej(S04)3.24H;0, isomorphous with tlie other ahinis. Tliis 
is less soluble than most other ferric .salts, and is thcr<'f<ire more 
easy to obtain in a state of comparative pvirfty. Tlie colour of 
the salt varies with the purity ; some varieties are colourless, but 
more often the salt has a \ iolet colour. At one time the colourless 
salt was regarded as the purer, the violet colour heing ascribed to 
the presence of manganese. Hut recent work has shown that the 
violet colour is characteristic of imre iron alum, whilst in the 
apparently colourless varieties the colour is masked by the presence 
of brown ferric hydro.xide - 

Ferric chloride, FcClj, is formed when a ferrous chloride solution 
is oxidized with nitric acid in the presences of hy<lroehlorie acid, or 
when ferric hydroxide is dissolved in hydrochloric .acid. If the 
solution is evaporated and then cooled, one of the four hydrates 
(2Fe01,.l2H-0 ; 2Fe(.'l,.7H.,0 . 2Fet'l, .all; 2Ken,.4li4<)l is 
deposited. .\s to which one appears de])ends on the eoneentration 
of the solution, when it is cooled dow n ; the er|uilibrium diagram has 
been given in the Introiluction (Vol I. p. fid) The hydrates are 
yellow' or red solids. It is dilllcult to ]ireiiari' the anhydrous .salt In' 
heating the lowest hydrate, for this compound, when ignited, 
evolves like so many other hydrated chlorides hydrogen chloride, 
ferric oxide beiflg left. The anhydrous salt is therefore obtained in 
a dry way, namely', by heating metallic ijon in a rapid stream of dry 
chlorine gas; the chlorine must.be in excess or ferrous chloride is 
produced. Under thcj)roper*vi)n(litions, ferric chloride sublimes, 
forming crystalline plal : often jiossessing a greenish metallic 
lustre, but which ap])ca'' deep re<l when viewed by transmitted 
light. Jt is quite volatile aliout 4.atl ; the v'apour density 
indicates that at low temperatures there is partial as.soeiation of 
the FeCIj groups to form more com|)lex molecules Fe-CI*, whilst at 
high temperatures there is dissiliation into ferrous chloride (FeClj) 
an<J.rfihlor’ne. On account of the values of the vaptnir density at 
low temperatures, many chemists prefer to write the formukt of the 
solid substance as FvijC'lj. * ' 

Anlyrdrous ferric chloride is deliquescent and extremely soluble 
• « 

>N. R. Dhaw. Pmc. Amil. 22 (I»20). .570. 

Ssnncll and E. P. Pemian, Trans. CAftn. Soc. 119 (1921), 1994 
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in wAor; it in also soluble in alcohol and ether. The aqueous 
solution is reddish-brown and reacts strongly acid, being largely 
hvdrolys<!d into eolloid*vl ferric o.xide and hydrochloric acid. This 
hydrolysis is favoured by a rise of temperature, aftd ferric chloride 
solid ions which are too dilute to show any red-brown colour at 
ordinary temperatures nevertheless become distinctly red-brown 
when heated. Such a sojution may throw down colloidal ferric 
hydroxide, if treated with a little .sodium chloride. If, however, it 
is allowed to cool, the reibbrown colour gradually disappears. 

When a eoni’entrated .solution of ferric chloride is treated with 
excess of hydrochloric acid the hydrolysis is naturally diminished, 
and the red-brown colour disappears, but is replaced by a rather 
intense yellow colour 'I’he coloration has been compared to that 
produced when hyihoehlorie acid is added to cobalt or copper 
chloride, and is probably due to a cotnph'X anion containing iron.' 

Ferric nitrate is obtained when iron i.s dissolved in hot dilute 
nitric acid 'I'he ferrous nitrate which is formed in the cold is 
readily oxidi/.ed by the excess of acid at higher tem])eratures. The 
brown solution yields pale violet crystals of the composition 
Fe(.M),).,lill,t). ' 

Insoluble and undissociated ferric salts are formed by double 
deconi|iosilion in the usual way. When sodium acetate in excess 
is addeil to a. ferric salt solution, till' colour becomes dark brown 
If such a solution is boiled, an insoluble basic ferric acetate is 
thrown down as a dark red-brown precipitate When a solution of 
pota.s.sium thiocyanate is aildeil to a solution of a ferric salt, an 
intense blood-ri'd coloration due to ferric thiocyanate Fe((;NS) 3 , 
a .salt which, although quite soluble, is largely iindis-soeiated, 
especially wliiui the thiocyanate is in excess. 'I’he coloration 
grows very weak, howevet, when the solution is diluted, which is 
Ihoiiglit to be due to the fact thaf'^y' dissociation ol the salt into its 
colourless ions, Fe " and (CiiS)' iin-rea.ses ivith the dilution. The 
solid thiis'yauate can be obtained, if thi-uTrie .salt and the alkaline 
thiocyanate are allowed to interact in iileoholic .solution. 

Ferric carbonate does not apjiear to exist as a detinite eom- 
poiind, probablj»o\j.ing t|) the weakly basic eharaeter of ferric oxide. 
Ferric hydroxide, exposed to carbon dioxide gas even under pniisurc, 
fails to absorb any appreciable amount.- When ammonium 
carbonate is added to a solution of ferric salts, a eolloickil solution 
(or Mnder some conditions, a precipitate! of ferric hydroxide is 
obtained, » . 

• 

^ t'.'tl. lldtintm and II. DaascU, Tranft. Cliem. Sor. 8I*(1902), 954. 

^ F. K, Cuineron and W. O. Kobinaon, J. Pliye. Ohein. 12 (^908), 561. 
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Ferric phosphate, FePO,, is formed by ]>r(‘cipitaiion of uifcrric 
salt with sodium phospliatc, and is a yellow-whito precipitate. 
When washed with water, however, it snflcrs gradual hydrolysis, 
phosphoric acid‘being removed and a basic phosphate, or ferric 
hydroxide, being left behind.’ The salt i.s insoluble in water and 
—unlike many phosphates- in dilute aeelie acid, although dissolved 
by*st.ronger acids. The arsenate is forined iij an analogous way, 
and is a yellowish-white preei|)ilate. 

Ferric oxalate is i)rodueed when ferric hydroxide is dissolved 
in a concentrated solution of oxalic acid. grc^ni-yellow solution 
is produced, which decomposes u|)oi\ exposure to sunlight, insoluble 
yellow ferrous oxalate being jireeipitated and carbon dioxide being 
evolved. 

Fe.,((',0,),, 2('(), I l>l<’e((',(),). 

On account of its instahihly, ferric oxalate is dillieull lo isolate 
in the solid state, but the doubh' potassium ferric oxalate 
cry.stallizes out readily, if potassium oxalate is added to the green 
solution. This salt is also green. It is lal her curious that, aliereas 
in general ferrous salts aie green, ami feme salts yellow, ferrous 
o.xalate is yellow and ferric oxalate green 

The sulphide, l*’e_.S ,. is a little dillienlt to isolate as it- is .soim’w bat 
nirstiiblo. Some antbolities bare denied its existence, blit the 
formation of feirie snlpliide ulien moist ba iie hydroxide is treateif 
with hydrogen snlpliide appears to li.ne been delinitely establislied - 
The sulphide is a blacK Mibstame, uiiieli nlii ii moisl (('iids to 
deeompose according to the reaction. 

Fe.S, h’eS 1 KeS,, 

hut which heeftmes ipiite ,stable wlii-ii diied oxer phosphonis 
p'Vitoxide. It forms soliilile eomple.x, .snlpliidi'S nilh alkaline 
sulphides; for instanee, poti'^ium ferri-sulphide, K.,S.F<'.iK., 
or KlFeS,]. is obtained hy lieWiig iyni uitli sulphur and potas¬ 
sium earhonate, and eai*4,e (iissolvfd (nii liy whUt. TIk* 

Bium fi9^t is a purple or^A^tailine sulisfunee ; llie sululiun yii'Ids 
with silver r trate o liniwn [ireeipilate «»l silser fcrri-Kulpliide, 
Ag[I'eS,]^ ^ ^ , 

The Ferrites. Ferric oxide, in addition to its ha-sii- eharai'ter, 
can also act as a Moak aeirl, forniing salts with alkalis, which are, 
howewer, ijuch more readily hydrolysed than the corresponding 
aluminates. Ferric h^lroxide is nndissolved hy dilute sodium 
hydroxide and is only slightlj' dissolved hy eoneontrated ’sodium 
• 

r F. K. (tnrncron unit .t. -M, Bell. l*hy^ ('ht-m. II (It)07), tt^ltt. 

•V. Ko^t, Zeitich. Aiiyew. Chrm. 29 (Itll6)*i, 422. 

• • / 
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hydritside ; but if it is fused with sodium hydroxide and the product 
is extracted with 3(» jay cent, sodium hydroxide solution, the liquid 
obtained contains sodium ferrite, NasO.Fe.iO 5 or NaFeOs; the 
excess of alkali serves to restrain the hydrolytic decomposition. 
The solid salt can be obtained by careful crystallizalSoh. The 
solution is pale yellow wh(m pure materials are used, but, as com¬ 
monly produced, is',)f(en rp'cen, owing to a trace of a manganate.* 
It is very unstable ; when diluted and boiled, ferric hydroxide is 
precipitated. Sodium ferrite may also be obtained by boiling a 
solution of the cotl-esponding ferrate (see below). 

Several in.soluble ferrites arc known, such as the brown talcium 
ferrite, which is formed when ferric oxide and quicklime arc 
strongly heated togt'ther. 

C. Compounds of Hexavalent Iron. 

The Ferrates." 'I’lie ferrates are more highly oxidized salts, 
derivaal from an unknown oxide Fe().„ which lias a well-devi>lopcd 
acidic ch.aracter ; in eonseipiencc they .are less liable to hydrolysis, 
but are unstable in another respect, readily evolving oxygen. 
Potassium ferrate, Kjk’eO,, is formed wh('n ferric oxide is heated 
with fused potassium nitrate. Upon extraction with water, a very 
deep purplish red liquid is obtained, which deposits dark red prisms, 
isomor))hous with pota.ssium sulphate. The solution evolves oxygen 
when heated, generating jiotassiuni ferrite, which in its turn decom¬ 
poses, dcpo.siting ferric hydroxide. 

In view of the faeti that the feirates are analogous in formula' to 
the snl])hates a.nd chromates, it is not surprising to find that barium 
ferrate, BaFeU,, is insoluble ; the latter is a darlc red jirecipitatc 
obtained by adding barium chloride to the potassium ferrate .solution. 

D. Intermediate Compounds.t^ 

Ferroso-ferric oxide, Fe.|(),. L’hen nfetallic iron is heated in 
steam, it becomes converted siqierfieially to an oxide the composition 
of which approximates to that indieateil by the formula FoaO,. 
The same oxide is formed when iron is ignited in air at a very high 
tomperature. ft l.s a 'ohick substance which, unlike the other 
oxides of iron, is strongly attracted by the magnet. There appears, 
however, to exist a .series of homogeneous mix'-d crystals of a com¬ 
position extending between FcjOj and FcjOs; the compositions of 
specimens id ferroso-ferrie oxide do not afw.ays correspond to the 

* SiH'jV. Hrthcr and W. Pick. Zci7,m7i. Klektrochcm. 7 (iOQP), 215, \24. 

“ For electrolytic methods f f obtaining forrit-os and ferrates, sec O. Grube 
^id H, Gmolin, ZHtsch. E!'dUrockcm. 26 (1920), 459. ^ 
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formula Fe 304 , but vary with the temperature and oxygcn-pitssure 
under which the oxide has been formed d 

A hyilrated form of ferroso-ferric oxide is precipitated when a 
mixture of ferrods and f(;rric salts in the calculated proportions is 
treated'with caustic soda ; it is a greenish or brown-black powder. 
This mode of formation suggests that there may exist in a solution 
containing both ferrous and ferric salts, certain salts of an inter¬ 
mediate state of oxidation, corrc.sponding to tli<^ oxide FcjO,. 
Actually some of these salts havi^ been isolate<l. For instance, a 
solution of ferroso-ferric oxidi- (Fe^t),) in coticentrated hydro¬ 
chloric tJCid yields, on concentration over sulphuric acid, the ehloridi' 
FejClj.lSHjO. Interinediat(! sulphates have also been obtained 
in the solid state from .solution.', containing mixtures of ferrous and 
ferric sulphates. 

When freshly preeipitateel ferrous compounds, such as the 
hydroxide, carbonate, or })hosphate. which ai’e white when )mre. 
suffer slow oxidation owing to the presems' of dissohed air, the 
colour docs not become brown immediately- as would be expected 
if a ferric comjiound was the substance formed but green. 'I'his, 
again, is suggestive of the fact that compounds internusliate in their 
state of oxidation between ferrous ami ferric bodies are at first 
produced; on further exposure to the air, Uie brown ferric eom- 
])ound.s are formed. Moreover, it is considered by some ehemists 
that the pale green colour usually shown by sobibh' ferrmis salts 
and their solutions- generally ascribed to the ion Fe is really 
due to the presence of partially oxidized salts of this nature'. 

F. Compounds of Tetravalent Iron. 

Iron disulphide, FeS.. 'I’lic disiilphiilc of non pos,ses.scs sjieeial 
importance owing to the fact that it 'occurs in nature as “iron 
pyrites.” It can be jiroduced^e dicially by heating fi'rroiis sulphide 
gently with sulphur, «iul for.ns yelkrw crystals with a brass-like 
lustre. In nature it is^ouftd in cubes as well as in other crystalliiu' 
forms. '■ * 

F. Miscellaneous Compounds Coptaiiiin(b< Ifon. 

Complex Cyanides of Iren. The conipomidh ipf iron and 
eyai^ogenpire so im'poitanf that they call for treatment in a sjM'cial 
paragraph. The rei^dency to form eoiii])lcx cyanides jaill be 

* ♦ « ' 

*11. B. Sosnian und .IT C Htfsti-tter, ./. Amcr. (.'lo rn. 38 (1010), 807. 
Howe^fcr. A. Sinits and J. M. liijvdi.-t. I'roc. Amsl. AauL 21 (1010), 380, suggest 
that the aenea ot inixod crystala may not bo conlniuouB but brokon ;iH< curdmg 
to thia ftsw, thero will- bo one eluas of nuxeif rryatala containing rather 
•oxygen^tbrfh Fe,0„ and anotlny: cla^*with ratfter more oxygen than Fe, 04 . 
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ol)Sfik(l in many nictalK, n(6alj|y eopiier, .silver and gold, but 
nowhere is it, more marked than in the case of iron. If a solution 
of a ferrous salt (e.g. ferrous sulphate) is treated with excess of 
potassium cyanide, a yellow solution i.s obtained, wWch on 
crystallization yields blight yellow tablets with the composition 
4K(aVEe(l'N).. Since a .solution of this .salt shows the reactions 
iieithci' of a b-rroiis sSill noe of a cyanide, but ha.s properties pec\iliar 
to it.sclf, it is !■(^presellted, not as an ordinary double salt, but as a 
eom|)lcx cyanide thus, 

Potassium feiTocyanidi' . . K 4 [Ee(CN),]„ 

Similarly when a ferric salt is treated with exce.ss of potassium 
cyanide, the correspouding ferric complex salt is formed, which lia-s 
the composition iiKCN |i'c(('N)|. but which apparently ionizes in 
the wav ludiiati'd by the formula, 

Potiussium fcrricyamdc , . K,[Ee(ttN),] 

It is a dcc]i red salt, I'l'adily obtained in larg<' crystids which fre- 
i(Ueiitly iip|)i'ar greenish by n'llcitcd light, the .solution is deep 
yellow 'I'hc salt is more easily produced by the oxidation of 
the terrocyanidi'. When a solution of potassium ferroeyanide is 
saturated with chlorine gas, the Icrricyanidc is formed and can be 
iiblaincd by l■ryslalli7,ation, 

K,l'’c(('N), I Cl KCt a K ,l''e(CN)4. 

The rererse change ol fcrricyaiiide into ferroeyanide occurs when 
the former is treated u ith a reducing agent, and also w hen a .solution 
of a fcrricyamdc is exposed to the light 'J'he ferroeyanide and 
fcrricyaiiide of potassiimi arc often know n as the “ yellow prussiato ” 
and “ red priissiate '' respectively. 'I'hc sodium and ammonium 
salts are al.so soluble, and are formed in analogous ways.’ 

■Many insoluble ferroeyanides aiV^ ferricyanides exist, and can be 
formed by preei])itation. Eor insljiiice, jxot.i.ssium ferroeyanide 
gives a white precipitate with salts of zhic and lead and a reddish- 
brown pi'ceipitate with cupric .salts and with uranvl salts. Potassium 
ferrieyanide, on the other liand, gives a yellowish precipitate with 
salts of zinc, a y.'lk,iw-gi;;'en precipitate with cupric salts, but no 
precipitate with lead or nranyl .salts. Many of these precipitates 
are undissolved by dilute mineral acids, but ai'e decomposed 
by alkalis, the alkali-metal ferrixyanide or ferrieyanide bring 
I'egeiieraled. ^ • 

’ 'the exiKU'm'c of tlie .-e-eulleil " ,r*l'i'iTor.\anide.s’’ and " ,r-ferrulyanide8 ” 
has arnnsed inUTOsI, liut it is new fairly I'ortain that they not iShmerio 
with IheVrdinnVy feriocyanidi^s and ferricyanldis. hut contain products of 
)%rtial dis'oniposition. See tl. t'. Hnggs, 3'mna. Okem. i<oc. 117 (1920), 
1020. t.1, M. Hennett, 2’ivn).,'. Vhem. Ill (1917), 490. * * 
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Bvit of quite special interest are the ferrocyaiiides and f'orricytnides 
of iron. Some of the salts consist only of iroji and cyanogen ; otiicrs 
are double salts containing potas.siiiiii as well as iron, and in nianv 
cases t^iese latter salts possess an apparent sclubdity in water, 
actual!^ J^ielding colloidal solutions. 

■^hen a ferrous salt solution is precipitated with excess of 
potassium ferrocyanide, a potassium ferrous ferrocyanide 
Fe“K«[Fe*i{CN),] is thrown down ; if air is entirely excluded, this 
is a white precipitate, but it i.s diliicult to secure tlu^ coiu))lete 
absence of dissolved o.xygen, and tlie precipitate is- or rajiidly 
become#—blue, owing to the formation of potassiinii ferric ferro- 
cyanide. 

When a ferric salt i.s precipitated witli j)ota.s.siuui fcrrocyanidi", 
one of two possible ferric ferrocyanides may be iiroduced. If 
the potassium salt is in .slight excess, a double salt containing 
potus.sium, known as Soluble Prussian Blue, l''c"M\' Kc''(t'N),], is 
mainly produced ', this is a dark blue jirecijiilate, which, although 
insoluble in potassium ferrocyanide, yields a blue colloidal solution 
when treated with jnirc water. From the colloidal soliiliiai, it can 
be reprecijiit.ated by addition of pola.s.Minii clihai'lc , or it can 
be separated from the water by liltralion llinaigli a suitable 
membrane. 

If, however, tin lerric sail is in om.o.,s, anotlicr dark bine jire- 
cipitate, containing only iron and cyanogen, iianicly, Insoluble 
Prussian Blue Fc,'"| Fc'‘(('N)a|, is) iroduced . this is not. dissoKcd 
by water or by ddiili' acids It is deroniposcil by alkalis. 

The “ J’russiaii Bines, ” wbicli Ikim’ jiisI been desi'ribed, are 
formed by the interactiiai of fcirii salts with fiiiii-ry .nudes. By the 
interaotiiin ol/c^ioH.i.salls with/'iri-i yaiiides d iinglit be (liiaigld- 
that different bodies (ferrous ferrii yauides) would bo obtained. 
This exjxictation is, howevei not/rhvays nsdized ; for wlien ferriiiis 
sulphate is treated with a .-ligm e.xe^ss ol pot.issimii ferrieyanide, 
a blue precipitate (“ SBfcible Turnbull’s Blue ”) is obtained, 
which is really a mixtiiri^of compounds, but the main eonstitiieiit 
of whiclj appears to be identical with the main coii.stilucnt of tlio 
Soluble Prussian Blue described above. Upon,, i lo.ser examina¬ 
tion of the matter il will be seen lhat puVassiutn ferrous ferri- 
cyanlde Fc“K[Fe“' (OiS’)e] tins (lie same conipo.sition us potassium 
ferii^ ferfocyanid# Fe"'K(Fe'*{UN)c] ; the eoiistitidions of the 

two salts only differ bjithc fact that the ferrous iron i,< outside the 

•* 

• 

' E. Mijilter, Chi'm. Znl. 28 (1914), 281, :i2H, wlio hus Mlmlifd in Kri'nt. 
detail compCisttion of the itrodumil ulu-n titu reurt’nlK urt.> 

mixed in different proportionn. Htaton tliul 'N', 

d'W*’K[Fe**{C!N)(i! and Fe'*Kj[Ke*^((.’N)4] are preiteiifc 
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bracklt in one case and inside in the other. The identity of the 
two differently represented compounds can bo explained if Friend’s 
view of the constitution of complex salts be adopted.* 
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i*ot)iHsii)tii 1'i-t forymiidi'. 1’utusHiiitii t'crijc I'Vito- l'i>tH.ssiulii t'erri- 
ejanuir 
or 

rota.HHiuin hVri'oiJs 
t \ aiudc. 


Althouj*!!, for convciuunco, the nix cyanogoii nwJu-lo.s have boon 
wfiown abovo an joiiiufi in a lu*xa^)nial IIk' siiniu aifjjunu'iit holds 
^ood if wo iinagiiui tbc'in joiiu’d in an ootagonal (six-oorncred) 
Hhcll. 

JJut wlialoMT views are held on tin' ([Uestioii of the constitution of 
tho Nolnhlf. jVussian and ^I’urnbnll s Blues, a liody tliifering (oven in 
composition) from hisolnUc Brussian iilue " niiisl be expected 
when poi;issium ferricyanide is treated with ferrous Hulphate in 
excess. I'or 1ut('. even assuming that the pn'cipitaB' obtained is 
free from potassium, ferrous J^veyanide l’e“.,[l'\d^^(('N) 0]2 or 
heji(('N ),3 cannot bo identu^al in foiim^siTifin, with feri'ic ferro- 
cyanide Fe^^' 4 LFo*^(('N)a ]3 or Kc 7 (CNfIt; the hust-named com¬ 
pound contains more eyanog{'n. It htis indeed been stated that the 
precipitate forim'd by the iutiaaetion of potassium ferricya’iiide and 
excess of a ferro’usValt Insoluble Turnbull’s Blue ”) has the 
same eompositiou as ordinary Insolulile IVussian Blue.- But such 

A. N. Priemt, Trantt. C/ion. Soc. 109 {lOUi),* 71 d. To «:)?no 
althou/kli iH‘t ontiri'ly, this Mtaiulpouit rocoiicjl»*s (lin views of K. Muller {('twin, 
y.eit. 38 (lUU), 2Si. :i2S. rrakt.^Clum. 90(1014^ lJU),wl»o holds that both 
Prussian and 'I’uinhuirs Itiues are ri'idly feiroey;muh\s. with tjuLso of B. 
Wonnger (J. Vrukt. Cf„in. 89 (I9U), M), wlio hold.s thal they i 4 rc both 
forrioya»ules. « c 

^ * K. A. Hofmau, O. Heiii4 and F. H»Vhtlen. Lob. Aon. 337 (1904), 1. 
Coinpai-o A. Eibiier and 1.,, tJerdtaok<>^, CVicm. Znt. 37 (19i:i), ia7, 178, 196.* 
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statements are now generally discnxlited. According to Mflller, 
insoluble Turnbull’s blue still contains potassium ; it probably 
consists largely oi the conipomul KKc‘’jKc‘"s[Fe"(CN),] 5 . 

Whep a ferric ^hlt is treaU'd with a ferricyanide, a deep greenish- 
brown •crtloration, but no precipitate, is priPthiccd. The sohition 
may contain a ferric ferricyanide, but it is not easy to i.solate that 
salt in the solid state. < 

Action of Acids on Potassium Ferrocyanide. By the action 
of acids ujMPn iiotaasiuin ferrocyanide, other interesting b(>dies are 
prmluced. ('oncentrated hydroehloriip iu id, • ailded to a strong 
solution of ]S)ta.sKium ferrocyanide at ordinary tein|H'ratin'es, causes 
the precipitation of ferrocyanic acid, H^KciCNlc a white com- 
jmnnd, which becomes blue wlicn exiswed to the air. 'It is solubfe 
in water and Ls a powerful acid. 

If wanned with 110 percent, snlphurup Jieid, potas.sinin ferrocyanule 
is partly decomposed ; liydrocyanic. acid (ll('N) is evoKed as a gas, 
whilst {sdassinm and ferrous sulphates are produeeil in solution, 

4K0X.Fc(C'X),. -t :!H.,SO, (iltCX c 2K.St), i FeSO,. 

The ferrous sulphate interacts with the iindeeoinjioscd ferrocyanide 
and pnsiuces a form of iKitassium fei-rous ferrocyanido 
(FeK 2 [Fe(CX)j]) hav ing the same composition as that jiroduced by 
precipitation in lupieiais solution, hut much less liable to atinosjiheric 
oxidation. When oxidized by a poiirrfid oxidizing agent, e.g. 
hydrogen peroxide, it yields, not ordinary potas.sium ferric ferro- 
eyanide (Soluble Prussian Blue), but a substance known us 
Williamson’s Violet, usually stated to have the same composition 
as Sobilile Prus.sian Blue.' This is a very stabh' substance, 
nnattaekeil eveti by .strong acids, .and only slowly dissolved by 
alkalis. , 

When pnta.ssium ferroi x ..ne'.e^ Jn the powdered .state, is treated 
with concentrated mirie a, ill,^'fluted with an eipial part of water, 
it suffers p.artial lecom). Ition, hydroeyanic acid and other gases 
being evolved ; if, however, the solution is wanned for some time, 
it will bp found to have aeipiired the properly of giving an intense 
purple coloration when treated with excess of alkali and a trace 
of an alkali-metal sul])hide If the sollitioif is cooled, allowed 
to deposit, potassium nitrate, •filtered, and concentrated further, 
it ^iyxisits red ery. tals of sodium nitroprussidc, 



^ llic com|X)flRion i« soinowlmt variiihlo ftoconlinR l-o tlif' mcilifKl prfpara* 
tion. Sw .J. Mcfianer, Zntsvh. Artorg. Cht‘mP9 (1895), 13H. 

• M.C.~VT)L. III. * E 
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This forms a tleliiate reagent for sulphides, since the solution 
gives the i)urpl(' eoloijition mentioned above in the presence of 
small traces of alkali-metal sulphides ; the nature of the complex 
sulpho-comjwund produced is still uncertain, A sdlution of podium 
nitrofnusside decomposes .spontam'ously upon exposure tcf l^ht. 

The insoluble nitroprussides of barium, silver, copper and other 
metals an^ obtained by precipitation, and by decomposing. Ihe 
barium salt with sulphuric acid, the rather unstable nitroprussic 
add, Hj[Fe(NO)(CN) 5 ], is obtained. 

Carbonyls of Iron,* Like ni(tkel and manganese, iron has the 
power of combining with carbon monoxide. It forma no less than 
three “carbonyls.” When lincly divided iron, made by heating 
ferrous oxalate, is allowed to ab.sorb carbon monoxide, a small 
annaint of the carbonyl forms upon the surface of the iron, and 
can b(i s(.paratcd by distillation at about 120^'C, Ily alternately 
allowing the iron to stand in carbon monoxide gas, and distilling off 
the carbonyl, a considerable amount of the latter can be prepared. 
It is a liipiid of composition Ke(CO)j, having a boiling-point 102-0“ C. 
The preparation of the carbonyl is made dilllcult by the fact that 
the carbonyl is itsdf adsorbed by iron, forming a protective film 
ujK)n it, which interferes with the reaction.- Thus, although the 
formation of carbonyl commences with a considerable velocity, 
the iron soon becomes “passive” (or “]>oisoned”) and only 
recovers its activity when heated to 1(M)-120“C., at which temper¬ 
ature the carbonyl is volatilized. A better yield of the carbonyl 
can be obtained by heating fi?iely-divided (pyrophoric) iron at 
210" 0. in carbon monoxide under a high pressure (100 to fttK) 
atmospheres).*' 

The )ienta-carbonyl is decomposed if exposed loMiir or moisture, 
and also when the vapour i.i healed. It is solubh- in benzene, ether 
ami petrol. If the solution is .^xposed to Ihe light, it evolves 
carbon monoxide, and orange, erys® of a lower carbonyl Fej(C()), 
a})|)ear. If the ethereal solution of this latHA-r compound is heated to 
(K) ’it deposits dark green pris,-\is of the tetra-carbonvl, 
Fe(t’O).. 

T'iV(OO), - Fe(t'0)5 + Fe({X))4. 

The tetra-earbonyl is comparatively stable, but decomiioscs when 
heated to 140° C. 


‘ L. ilond ami F. Quinoko, Tnins. Clirm. .S'or. ,S9 (1891), 804; L. Mond 
and V. Unucrr Trans. Ckem. Sor. ‘59 (1891). 1090, Also Sir J. Dewar and 
H. O. .Tones, Dn,e. Ray. Rac. 76 | A| (tdO.T). ->->8:79 (A1 (1907), 80. -■ 

•A. Staffol, VUrm. It,■,«>/„,/ 8 (1911), 722; m licl. Vonq. Atm‘. Chim. 
(1912), Si'ctidii li, p. 22,*). ^ 

’K. L. Mond and A. K. V'allis, 7’ron,v. Clinn. Sor. 121 (1922)„30 
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Iron sheets arc moderately pervious to carbon monoxide at a 
red-heat, but this fact is jH)ssibly ijuit-c 'inconnecti'd with the 
formation of any earI)onyl. 

Effec^ of Nitrogen and Hydrogen upon Iron. Iron nitride * 
is not easily prepared liy direct combination of the metal with 
nitragen, for the complete transformation into nitride would require 
a very high pressure- - several hundreus of ’atniospherea, 'J’hc 
nitride, Fe,N, is, howev<‘r, re.adily obtained l>y healing (inely 
divided iron in amnumia belaeen r>(KI“ and 700“ ('. If ordinary 
compact jron is employed, a brittle film of nitriile is produced on the 
Burfiu’C, which is easily broken olf. although the layer below also 
contains nitrogen, which is absorbed especially at the boundaries, 
of the grains. Thus the pre.semc of even small amounts of nitrogen 
in iron render it fragile. 

The nitride is a grey substance whi< h is fairly stable in .air ; it 
liberates hydrogen and yields salts of ammonia when treated with 
dilute acids, 

2FejN 4 41'VS(), iMt.HSO. t H^. 

On heating in an inert gas at n(K)° ( . the nitride de(mm]K).sc» 
into iron and nitrogen. 

Iron readily absorbs hydrogen when used as a cathode- ■j)refer- 
ahly in an acid bath, but in this ease no definite hjdride ajqiears 
to be produced. 'I’hc gas seems to jienetrate into the metal along 
the intergranular boundaries, and, since it eaii.ses a certain amount 
of expansion, intergranular fracture is likely to occur on the lea.st 
shis'k. Thus the iron becomes brittle. This matter will be referred 
to again in the technical .section. 

• 

A.aalytical • 

Aqueous solutions of ferric .-yt ts give a blue precipitate with 
|K)tas,sium ferrocyani(L,.bnt no prcei|)itate only a green or brown 
coloration- with the ferric.j.vnide; fmrous salts give a blue 
preciiutate with potassium fcrricyanide, and a uhite or jiale Vilue 
precipitate with potassium ferrocyanide. With jiotassium thio¬ 
cyanate, ferric salts give a deep blood-red e ilonWioh ; ferrous salts 
produce no coloration. , 

Iron is not precipitated as a sulphide from acid .solutions, and 
thus the meads which are so precipitated can be separated from 
• 

■ G. .T. Fowler, Tran.». (%<m floe. 79 (I9bl). E. JJ. Matted. J. Nor. 

Chetn. (1918). 10r>T.; N. TKf.lnH<;liow«ki,././mu iSVt r/ yn#/. 92(1915)» 

47; Q. efiarpy ami S. Iktnnorot, Cntnpfett Rend. 158 (19H), 991. S'** also 
A. A. Noyes and L. B. Smitli. J. Arntr. Cfu tn. .SVy* 43 (1921). 47.'5. wlm aujijgeit ^ 
oUier (poHHibly Fop N, Fe,N and F<^N) exwt. 
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it; i/ the iron afterwards is oxidized to the ferric state by boiling 
the solution with nilrv; acid, it can bo completely precipitated as 
hydroxide by the addition of ammonia even in the presence of 
ammonium chloride. The solution must bo boilccf before filtration, 
or much ferric hydroxide may remain in colloidal soluiSon. The 
precipitate is somewhat gelatinous, and may prove troublesonto to 
wash, although, as rl rule,*it does not cling to the filter-paper nearly 
so closely as do most other gelatinous hydroxides. 

Certain other metals ans also precipitated at the same time by 
ammonia ; these include aluminium, chromium, uranium, and the 
rare earth metals. Aluminium hydroxide can be removed by 
extraction with hot caustic alkali, and uranium by means of 
ammonium carbonate. 'I’lie separation from chromium is best 
conelueted by oxidizing the chromium to the state of chromate ; 
the iron can then be thrown down by means of ammonia, the 
chromium remaining in solution. If rare-(«arth metals hai)|K-n to 
be present, they can bo st^parated from the acidified solution as a 
mixture of insoluble oxalates. 

If iron and manganese occur together in solution, and the iron is 
preeijiitated with ammonia in the ordinary manner, tlu' ferric 
hydroxide is likely to carry down some manganese with it. Under 
these cireurastanees, it is preferable to precipitate the iron as the 
basic acetate.; sodium acetate is added to the neutral solution and 
the basic acetate is thrown down on boiling. 

Both basic acetate and hydroxide yield ferric oxide. (FcjOj) on 
moderate ignition; iron is usually weighed as this oxide. 

A very useful reagent for the separation of iron from other metals 
is the ammonium salt of uitroso-phenyl-hydroxylamine, 

C,1LN(N0)()NH„ 

commonly known as Cupferron.” * From weakly acid solutions, 
“ cupferron ” jirecipitates iron, i^.vl also copper if jiresent; but 
nickel, cobalt, aluminium, elfromiuit., ziijj fii'uiganese and cadmium 
remain in solution. FVom a strongly acidified solution, iron alone is 
precipitated and copper remains in sobition. The reddish pre¬ 
cipitate of the iron salt of nitroso-pheuyl-hydroxylamineSs washed 
with water, then tlith hmmonia, and finally again with water, and 
can be ignited to give ferric oxide, which is weighed. 

Iron is sometimes precipitated electrolytirally and weighed as 
mcta'.; for this purpose thi- solution containing the'iron'salt is 
added to ,a solution of ammonium o&late. The mixture is 

*0. Baudisch, Chan. Zeit. 33 (190ft), 1298. A convenient suininary of 
analyth-al proceflwvs l^asiMl u[nm *' cupferrtni ” is (riven “by S. A. Broley, 

< J. //id. Eng. Chein. 11 (IHlti), 1144, See also H. Krencniiifl, Zt'itiKh. Anal. 
Chm. 50 (1911), 3,9. (!. k. K. Lualell, J. Atmr. Chan. Noc. 43 (1921), 847. 
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electrolys'd hot (about 85” C.), the proccRs being preferably con¬ 
ducted in a platinum dish, which is used as cathode. About 6-7 
volts are applied, and, if the anode is rotated so ns to stir the solution, 
the dei«osition will be complete in about half an hour. > The solution 
should I>d kept slightly acid with o.xalie acid, so as to prevent the 
possible precipitation of ferric hydroxide. The presence of nitrates 
is to-be avoided, as they prevent the ecn-ipletcj precipitation of the 
iron. Other metals which can bo precipitated on a cathode must 
bo separated boforehanil by chemical means ; but it is possible by 
ol)Serving the right conditions to bring abom the (lunntitative 
de]X>.sitiftn of iron in the prcsenc(^ of manganese or ahiminium. 

In rapid analysis, iron is usually determined volumetricailly. 
Advantage is taken of the fact that it forms two series of stable 
salts; it is assumed that other metals of this character are not 
present in the solution. In the usual mcthi>d, the iron is converted 
entirely to the ferrous state, and then titrated with an oxidizing 
reagent. If the iron is partly in the ferric I'ondition at the laun- 
meneement, it is reduced either by saturating the, boiling acidified 
solution with sulphur dioxide or hydrogen sulphide gas, the excess 
of the gas being afterwarils exjielled by boiling. Reduction may 
also be elTeeted by the .action of met.illic zinc in the jiresenee of acid ; 
in thus method, however, there is a danger of the intrcHluction of iron 
as an impurity in the zinc. As an alternative it is possible to reduce 
the ferric salts b}’ the addition of a slight exia'ss of a solution of 
stannous chloride in hydrochloric acid ; the slight exec.ss of stannous 
chlorido is then removeil by adding mercuric chloride, a reagent 
which is reduced by stannous salts (but not by ferrous salts) to 
insoluble mercurous chloride. 

Having reducsd the iron, by one of these, methods, to the ferrous 
condition, it is titrated with an oxidizing agent . In the ahsence of 
chlorides, the most convenient ixulizer is i)oi,a.ssium permanganate, 
which is run into the solutio.i -strongly acidified with sulphuric 
acid—until the appeara. ,'e, ot a slight pink colour shows that the 
permanganate is present in excess. In the presence of chlorides, 
however^ titration with permanganati' is inaccurate, for the per¬ 
manganate oxidizes hydrochloric acid, Idicrnfinge/j/oriiie, AKIiough 
the error due to this cause is reduced hy adilTng leiul chloride or 
manganous salts to the soliilionf this jiroeedurc docs not render the 
methpd strictly accurate. 

Therefore in the presence of chlorides it is necessary to titrate the 
ferroius salt solution w^th jiotassium dichromate ; but os the colour 
of the^lichromate is not so inb'nse as that of the permanganates, it 
is necessary td use a “ side-indicator,” ff, drop of the liquid being 
• ♦ ‘ A, Fiacher» Ckem. Z-cit, 31 (#907), 25. 
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tested from time to time during the titration with a drop of 
potasfiiiim hurioyanidg on a porcelain slab, so as to ascertain at 
what point the removal of ferrous salts is complete. This is rather 
a troul)le.soino proce.ss. An electrometric method for det^mining 
the end-j)oint has also been worked out, and yields sitikfactory 
residts.^ It is discussed in (!hapter IX, Vol. I. , 

If the iron is whally in»th(i ferric state, it may be estimated by 
adding pota,ssiutn iodide to the faintly aeid solution, and titrating 
the iodine liberated with thiosiilphate.- 

'I'kKIIKSTKIAI, OccmillKNOK * 

Iron is one of the eoininonest metals that oeeur in the earth ; 
the average rciek-magina is thought to contain about 4 [X'r cent, 
of iron. Mneb of the iron crystallizes out in the very first stages 
of the consolidation, as the oxide 

Magnetite . . . Fe ,0, 

and sometimes as the sulphides 

Pyrites . . . KeS, 

J*yrrhotite , . . which can be regarded as KeS, 

containing e.xee.ss of sulphur 
in solid solution (the ix'sultant 
composition is often about 
Ke,,S|,). 

All of the.se minerals a re found in the ult ra basic portions of intrusions. 
Pyrites and pyrrhotite oeeasionally contains small quantities of 
other metals, such as eop|a‘r and nickel, It is ])robable that pyrites, 
which has a high melting-point, has always crystallized from the 
magma in the solid condition in the early stages of the crystalliza¬ 
tion of the magma; on* the other hand, pyrrhotite has usually 
Kc'parated from tlu^ mi.xed silicatbn jis a liquid phase, and has not 
Bolidilied until a mueh hnve» temiHgature we,, reaehed.^ 

'Pile iron <'ompounda which separate*from an intrusive mass are 
(smsiilerably heavier than the rest of Mie magma, and tend to 
sink; the siliceous portion, which is comparatively acid*in char¬ 
acter, rises at tlaj aamodime. This sinking of the heavy minerals 
is probably the main eau.se of the ^(q)aration of the original igneous 
intrusion into acidic and basic proportions. The “ sunken segre¬ 
gate,'^ which is the part most rich in iron, will only occasionally 

« 

* Oi. S. Foi Bofl and E. T. Bartlett, J. Atn^r, Soc. 35 (1013), 1627; 

J. C\ HiistetU'r oiui H. S, Roberts, J. Arntr. (Jfir.m. Soc. 41 (Wl^, 1337 ; 
G. h. l\4;Ut'y hidI H. T. B«jhn, J. Amcr. Chem. Soc. 41 (I0t0), 1776/ 

*1. W. Wark, Trana. Chert,. Soc. 121 (1022), 358. 

“ J. H. L. Vogt, J. GeolA29 (1021), G3(). 
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come to 1)6 accessible to mankind. Jf, however, after difl<#cntia- 
tion has occurred deep down in the crust, further upward movement 
occurs, masses rich in magnetite may be pushed up comparatively 
near tp the surface, aiui in the cour.se of sub.s<'(|ucnt ages may be 
laid b&r* by denudation. It is ])robable that some of the huge 
masses of magnetite ores found in Scandinavia lia\e brnm formed 
in this W'ay.* Often the iron-ore occins as jtreaks and bands in 
rocks of a less basic character, .such as labradorite, or .sometimes 
even granite. Vogt has attributed this streakine.ss to dilTercntia. 
tion “ in depth,” followed by the e.xtrusion of the segregati s ujiwards 
into thfir present |)osition. 

It is noteworthy that iron ores of direct igneous origin arc 
very liable to contain titanium. wl;jch is, of course, an important 
constituent of the original magma; this fact <l('tract8 from the 
economic value of the ores. The titanium may occur as a minor 
camstituent of magnetite, but in the jiiore td.nnfi'rous rock.s, the 
distinct mincjal 

llmenite . . . KeTit),, 

occurs. 

Of the minerals mentioned abo\e. magnetite is a ln'a\y, opa(|Ue, 
black mineral, often .showing a slightly metallic lustre ; it is attracted 
by a magnet, but only a few natural samples have them,selves the 
power to attract (trdinary iron, siicb specimens being known as 
'' load.stonc.” llnmnite is also a black, heavy, .sub-metallic mineral, 
but is not attracte<l by the magnet. Pyrites and pyrrbotite are 
both minerals of a brassy-yellow colour ; i)yrites is often found 
in cubes, or other forms belonging to the cubic system ; pyrrbotite 
is distinctly magnetic. Another mineral, mareasite, having the 
same composition (KeSj) as pyrites may be. mentioned at this 
point, although it is not in general of magmatic origin. It forms 
iTystals belonging to the rhombii! system, paler than those of 
pyrites. ' , 

fciometimes fine shining-crystals of 

Haimatitc' . , . PeA).i 

occur in igneous rocks, but most of the baimatite ore which is of 

commercial importance has, as we shall sce,*a dilfercnt mode of 

origin. • 

* lliese arc dosci iljcd in detail ty F, Bcyscldag, J, II, L. V'ogt, and F. Krujeh 
in “ Deposits of useful Miiieral and Kocks ” ; translation by »S. J. 'J’russcott 
(Macntillaii). See also J. W. (.Jrogory, Trann. C'/iem. Soc. 121 (1922), 75C, ■ 
769. ^Orwgory says that sonic of the ores of Swedish I^iapiaiid (e.g. those of 
Routivaara) auo real magmatic secretions, “ os truly igneous as granite or 
basalt," whilst others (e.g. those of (jelliyaara) have been deposited by 
A deacendina waters. • * 
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Altiough iron ore occurs in largest quantity in the ultra-basic 
iwrtions of rock masses, it is a constituent of many minerals, like 
augite and honiblendc, which are found in rocks of intermediate 
character. Generally .speaking, tlm iron-content' of the igneous 
series Iwcomcia smaller as wo jiass from basic to acidic, 4)ilt even 
granite usually contains 1 per cent, or more of iron, occurring 
partly as grains of ipagneiitc; in addition, occasional particles of 
pyrites are not uncommon in igneous rocks—especially those of 
basic composition. 

When igneous nocks arc ex|S)scd to the weathering action of 
water and air, tlu; iron eompounds arc usually attacked aktng with 
the other minerals, 'rix! dissolution of iron is greatly accelerated 
by the presence of acidic sub^anees in the water- such as carbon 
dioxide, or the so-called “ liundc acids,” which are formed in jK'at 
bogs and elsewhere from the deeomjiosition of vegetable matter. 
Furthermore, where pyrites has been attacked, the .sulphuric acid 
produced greatly aids in the decomposition of all the other minerals 
jnesent. 

ft is clear, theridore, that all nater running off hills made of 
igiKSMis rcjeks or other rocks conl.iining ferruginous minerals is 
likely to contain iron in solution This will generally in the first 
t>lace exist as a stable ferrous salt. Sooner or later, the further 
action of oxygen will convert it to the corresponding ferric salt, 
which probably will be at once hydnilysed, ferric hydroxide being 
formed. In sonn^ cases, this s<'(ond stage of the weathering process 
may commence before the water leaves the igneous rock from which 
the iron is derived, and the igneous rock soon becomes stained with 
a rusty-brown deposit of ferric hydroxide. Generally, however, 
the waiter will flow down from the hills still cnrryii^ much ferrous 
iron in solution, and the (h'liosition of ferric hydroxide will com¬ 
mence in the rivm-s. The banks qf certain small streams in York¬ 
shire uhieh have their origin in rockf*inch in iron pyrites are covered 
in soiiKi places with a deposit of irofi oeh#,' sitveral inches deep,’ 
lint an especially favourahle place for tlje oxidation is a shallow 
lake or bog, where thi^ rate of progress of the water towards the 
sea liecomes very much reduced. Here the ferrous compounds 
will become conq^efidy fixidi/.ed, and the ferric hydroxide—first 
produced in colloidal solution—wKl gather together to form a 
precipitate, and sink. In certain lakes in Sweden, surroundei^ by 
granitift rocks, “ bog iron ore ” is being laid down at a rate o^ an 
inch every five or ten years. It is knoivn that in some places the 
action of certain tiacteria aids considerably in the oxidation the 
iron to the ferric eonditioiji. * 

' ’ J. Haworth and J. Kvtoia, J, Soc. Chem. Ind. 40 (1921), 91t, , 
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The composition of bog iron ore is variable wfieu first pr<!<luced 
it consists of more or less gelatinous hydroxide, and the water- 
content is by no means constant. The name “ limonite ” is applied 
generaily to amorphous hydroxide ores oontaining capillary water. 
As, ho^<?ver, these ores become oonsf)lidnted and lose their water, 
crystalline minerals of fairly constant coini)osition may be produced, 
namely, ^ 

Goothite . . . FojO,,.HjO 

and Hajiuatitc . . . Fc-O^ 

The fibi?)us forms of gccthitc aie often includ('d in the general term 
" limonite.” * 

The colour of the, ores derived in this way dejamds on the state 
of dehydration and upon othtT eonditions, varying from yellow 
to different shades of brown and red. Naturally they often eon- 
tain clay and other fonagn matter. The clay-ironstone whieh 
oecurs in the coal meas\n<s of this and other eountrie.s probably 
repix'sents an old bog iron oie; it was possibly laid down in the 
•same swamp in which during periods when the conditions hap- 
p<'ned to become favouralile the plants grew that have sinee. be- 
eome conveited into coal. 

In general, however, most of the iron present in tin* rivers will 
reach the sea, either in suspension as feriic hydroxide, or in solu¬ 
tions as a ferrous s.ilL. The former will lx; deposited with the 
other suspended matter, and we thus get ferruginous sandstones, 
which in some cases may las sidfieiently rich in iron oxide to con¬ 
stitute, important ores of iron. The soluhh' ferrous salts will not 
be deposited directly ; hut they may inti'raet ehemieally with 
any ealeareoiis ^natter (shell fragments, coral fragments, etc.) 
which is being depositeil, according t<i ijpnie such reaction as 

FeSOj -t- Caftn,^ Fet'O., i t'aist),. 

The calcium earbo de is ^n’ls re|Jae<(l, in part or whole, by 
iron carbonate, known to inineralogists as 

iSidei ite or spalhite . FeCl).,. 

Thus, when the calcareous l«‘d comes to !«• consolidated, it will 
form, not a pure limc.stone, but a ferrugmou.*^limestone or iron¬ 
stone. In cxtri'mc ea.scs, tiu' fcalcium carbonate may be w'holly 
replaced bv iron ca»bonate. 

In other iastanccs, a^ bed of limestone, which was pure kt the 
time of consolidation, may subsequentiy be converted into ironstone ■ 

■ K. I^oenjilknnd H. E. Merwjii, Ajmr. J. .SVi. 47 (1919), 311, givecrli tailoil 
classillcatiou of all hydrateU iron ores, ami#correct numerous erroneous. 
Staiementa wade bv older writers. • * 
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by the action of infiltering waters containing iron salts. Possibly 
a single bed may come to be converted almost wholly into iron¬ 
stone in one place, whdst it remains fairly pure limestone in other 
places, to which the supply of ferrous salts has itot penetrated. 

It seems likely that the British iron-ores of Jurassic •ago, of 
which the (llev<'land or<^ is a famous example, are really limestones 
converted ])robably duryig the period of formation—more or "less 
completely into ironston(\ In the upper parts of the formation, 
the ferrous earbouab! has siiiei^ -as a result of subsequent efianges 
—become oxidizevi to hirric oxide. Thiis the upper part of the 
Cleveland ore-dei)osits now largely “ worked out ”—was «, brown¬ 
ish oxidized ro(!k, but the lower part, which is now lading mined, 
is a greenish-grey oolitic rock containing ferrous carbonate, and 
a great deal of siliceous matter.* It contains 2.'>-.30 per cent, of 
iron. 

The so-called (llinton ores of the ,\i)palaehian Mountains (U.8.A.) 
and the well-known Minetb' ores^ of Lorraine and Lu.xemburg are 
also of sedimentary origin, (leologists still differ somewhat as to 
how far the iron compounds were de|>osited directly, or how far 
they were produced after tla^ consolidation of the Is'ds by inter¬ 
action between iroti salts and the original constituents of the deposit. 
'I’he extt'iisive iron ores of the l.riike Superior distrir^t were probably 
oner' h'rrous carbonate rocks of arpieous origin, but have since 
undergomi change ; tint iron now oC(airs as limonite, haoniatite 
and magnetite. Some of the magnetitr^ ores of Scandinavia arc 
probably replacement products, the, iron having been dejwsited 
by percollating watr'rs which contained iron dcrivaal from other 
rocks (possibly since destroyed). 'I'lieso sr'condary deposits are 
more valnabki as ores than the other Swedish ttiagnetites which 
are of dinab igneous origiq, since they usually contain less titanium.** 

Anothiw interesting series of iron compounds are those of Elba. 
The ores have been thought by seine geologists to be altered sedi- ■ 
ments, hut th(^ fact that the^ occur^n rogtcstinainly limestones) of 
num(>ro\is different geological ages is ii^onsistent with this view. 
They are probably contact deposits due to the proximity of certain 
granitic intrusions. 'I'he common mineral is the shining form of 
haoniatite known a^i “ s^iecular iron ore.” The oxygen content of 
the crystals is often less than woiKd corresjiond to the composition 
EojOa, and may actually vary in different zonw of the same crystal. 
It i8"noteworthy that a complete aeries of mixed erysfals varying _ 
«• * 

• '•T. II. \hxWh, J. Iron 97 (1918), 7l! . 

’ H. j'jdtsrh. Praki. (Uol. 9 (1901), 81. Sue also Nioou^t/, Iron 

104 (1921), 15. « 

" J. W. Uregory, 2'rann. Chern. 6’oc, 121 (1922), 759. 
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in comiM)Bition between the limits IVaO, and fed), ('xist. and niiuiy 
minerals descril)ed by prospectors as “ iiiiignetito ” (having l)eon 
identified as such by testing witli tlie magnet) have a eom])(>sition 
ncarea to FcjOj tlian FcjOj. Tlio magnetism decreases steadily 
as thi? dxygen content increases.* 

Jteds of ironstone which arc of st'diiiu'ntarv origin arc liable to 
contain phosphates—no <loid)t derived from animal sources. This 
is Sjwcially true of the .Minettc ores, and greatly interfered with 
their industrial ust; until about the year 1871!, when the successful 
developnu'iit of the basics steel process removefi the s|)ecial objec¬ 
tion to*the use of pliosjdiatic pig-iron in st<‘el-mal<ing. 

The five orc-lields of th(! world which are probably of greab-sl 
e.xtent are those of I..;d;e Superior, Lorraine and Jaixcmburg, 
Sweden, (tuba, and Hra/.d ; of lliesc tlu! Hrazilian licid is largely 
undevelo[«'d. Souu' of the Swedish ores are specially prized on 
account of their purity. 'I’he Hritish ores although not of very 
great extent, nor of outstanding purity arc valuable owing to the 
fact that they are situated in eoiuenienl pro.ximity to eoal-lields. 
However, much foreign ore is imported into this country, mainly 
from Spain and the .Mediterranean, and is smelted near the |)orts 
by the aid of Dritish coal. 'I'he foreign ore is richer than the 
Hritish (containing on the average 60 per cent, of iron as compared 
with 30 jier cent, for Hritish ores), and is more free from phosphorus 
than the majority of Hritish ores. However, during the war, useful 
experii'iice was gaini'd in the emjiloymcnt of low-grad(‘ ores of 
British origin, and the latest works have been designed specially 
to treat this class of ore.- 

I’ractKally all iron-ores of commercial value contain manganese 
—a fact which^ of some importance in metallurgy. 

Iron compounds occur in small ijuautitics in lery many other 
sedimentary rocks. -Many shales, for instance, contain large 
amounts of finely-Jjvided jiNTi^es derived from the disintegration 
of igneous rocks. Some of these, which are suitable for use as 
“ alum shales, ’ have bcni referred to in the section on Aluminium 
(Vol. II, p. 10!)). 

* H. B. Sewinan auit ). llti.-elcUer, Tran--^ hint. Min. Ktitf, 58 

(1917), 409. 

«F. H. llutcli, J. tior. Chan. Ini. 38 (1919), 219a. 
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MbTAI,I,UKOV OB luoN AND StBKL •' 

General. 'Plio first suhstancc produced from iron ores, in the 
blast furnace, is a Jiard but slightly brittle substance containing 
3 to 4'r) per cent, of carbon, along with some silicon; thi§ sub¬ 
stance is known as pig-iron. Being much more easily fusible 
than pure iron, it<s more adapted for direct production from the 
ores, as it can rcadiiy be separated from the slag-formfng con¬ 
stituents ; moreover, it constitutes an extremely useful material 
(“foundry iron”) for making iron castings, in cases where malle¬ 
ability is not required. 

From pig-iron, steel is made by the removal of most of the carbon 
and othiT non-metallic irnimrities in an open-hearth furnace, or 
in a Bessemer converter. During the last stages of the steel- 
making o|)era(ion, a certain amount of fresh carbon is usually 
added to the molten sti'cl so as to bring up tlu^ carbon content to 
the re(piired value. Steel maj' contain carbon in any quantity 
up to about 2 ])er cent., althougli most of the steel i\ow made con¬ 
tains far less than this ; in general, steel is softer and more mallo- 
abhq the less carbon it contains. Steel with loss than about 0-2 per 
cent, of earbon is often called mild steel; very mild steel, that is, 
iron with as little as 0-1 per cent, of total impurities— is sometimes 
known as ingot iron. 

In the preparation of steels of high quality, the linal elimination 
of undesiral>le impurities, such as sulphur, is often conducted in 
the electric furnace. Electric funiaee.s have also^woved valuable 
tor the prc])aration of alloy steels, containing other metals besides 
iron, and even for the production of high-carbon steels of special 
quality, simply by the melting up of a mixture of materials (often 
largely scrap-steel) which is ealculafed ti^'give the required com¬ 
position. The crucible furnace is also lyied for the same purpose. 

Another product which is now of less importance than jvas once 
the case is the spealled puddled iron (“wrought iron”). This 
is a material low in carfion, produced from pig-iron under condi¬ 
tions, such that—during the final stage of dccarburization—the 
metal is no longer ficscd but is in a pasty state. It ha^ a caflmn- 
conteBt of about 0-1 per cent., similar to tjiat of many specimens 
of mild steel ’(produced by dechrburization ii) the completely liquid 
sthitt;, but differs from the latter in possessing a fibrous krycture, 
which i? due to the methqjl of production ; it also Contains a cer- 
fhin amount of slag-material 
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Other important changes are brouglit about in iron and 8t<iel 
’by the addition, or elimination, of carbonj lociilly or othcraiso— 
in the solid state. The addition of carbon by diffusion into solid 
iron i* known as cementation. It was at one time extremely 
importluft as a means of producing liigli-cai bon steel of high fpiality 
frojp low-earbon material. Now it is used maiidy for jnoduoing 
11 surface-layer of hard high-carbon nmteria^ upon an object of 
whiclj the body consists of comparatively soft (and malleable) 
low-carbon steel; the proce.ss is known as case-hardening. The 
converse operation of dccarbmization in the solid condition is also 
extremfly important, being emjiloyed in the production of the 
so-called “ malleable castings.” The casting is originally made 
in cast-iron, which is easily fusibie and easy to cast, but which yielifs 
a non-mallcable casting; the latti-r is then rendered malleable by 
the removal of carbon. 

It will also be necessary to consider the extraordinary changes 
brought about in iron and stei‘1, including alloy-stccls, bj' subse- 
quent heat-treatment, such as quenching and tcmjicring. In 
order to understand these changes, some notion of the metal¬ 
lography of iron is needed. 

Kinally, in addition to the materials olitained by' thermal methods, 
an appreciable amount of very pure iron is now jnoduced by 
electrolysis of an aqueous solution of a salt. 

Manufacture of Cast Iron 

Preliminary Treatment of Ores. Most iron-ores are siifli- 
cicntly rich to ])ass to the smelter without special concentration, 
although some*»Ameri<'an magnetite ores are now subjeeh'd to 
magnetic concentration. The ilisadvantag(' of eoneentrates and 
also of those natural ores which ar(^ of a |)owdery eharaeh'r - is 
that they reiniire tpj)e sint(1<M or briquetted before tlu'y can be 
smelted. * 

Almost all oris, whetW'r the iron be present as oxide or as ear- 
bonate,p’equire a calcination before they are fit to enter the blast¬ 
furnace. The object of the calcination ^is to ilyive off moisture, 
organic matter, and, in the ease of a carbonate ore, carbon dioxide. 
After the operation, the iron ilhonld be left as oxide (cither FcjOs 
or.IJeaO.V * 

The calcination is npinctimes carried out in heaps or starfs, but 
is more often conducted in a kiln. Various forms of kilns are used, ' 
one «f w^ich is show'n in Fig. 17. The kiln consists of a ettwflar 
chamber of stwl plates lined with firebryck and siqiiKlrted ihi hollow 
, iron pillats, P ; an inverted east-iron cowc, C, stands in the centi^b ^ 
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of.the floor. The furnace is filled with a mixture of lumps of ore 
and small coal (or otli|;r cheajj fuel) which is fed in at the top 
from trucks. Sufficient air is admitted at the bottom, and at the 
apertures A, to burn the coal; the heat generated serves to dry the 
ore and—if carbonates are present--to drive off carbon dibxide. 

In some kilns gas-heating is used, no coal being mixed with J.ho 
charge. In many jjlpces, the waste gases from the blast-furnaces 
or from coke ovens are us(!d for thi.s purpo,sc. 

In the ease of ores of a powdery eharaeter, the calcining is often 
combiTied with til; briqtietting or sintering proeess.’ In the 
biiquetting process proper, the fine ore is ground up moist*^to give 



a plastic mass, a binder (such as clijy) being ad.hal in most eases; 
the mass is pressed into bri({uette farm ip, ^'moulding machine! 
and the briquettes ore then burnt in a brick-kiln, and acquire the 
necessary strength and hardness. It is V'>l>iiWe, however, that 
sintering may become more successful than briquetting. * In the 
Dwlght-Lloyd pVotess,' which has jiroved very satisfactory in 
America, an intimate mixture of fine ore and powdered fuel is fed 
continuously on to an endless conveyor, and, ,by the burning of 
the fiitil, the ore particles are fused superficially, and ddherd to- 
. gether, so tha# porous lumps of.sint<>r are produced. The principle 
of-tiu.' plant is shown in Fig. 18. The miitiiro of fine* ore and 
fuel fallsfrom.the eliute A on to “ pallets ” fixed to a moving con- 
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veyor ; each pallet has a floor composed of a herringbone grato, 
and, when they pass over the suction boxea S, a (uirrent of air is 
sucked through tho mixture of ore and fuel. The fuel is ignited 
at B, and bums in the air which is (hawn through it. The sintered 
mass produced in each pallet is turned out automatically into C, 
at the other end of the plant, and the pallets then return on the 
undei'-side of the eonveyor, and are ready to*be lllled with more 
• 

Ore and 



ore and fuel. It is a common practice to sprinkle a little broken 
limestone- by means of the chute J)- upon tlie bed of tins ])ah‘ltes ; 
tho limestone serves to prok'ct tho grat('-hnrs from undue burning. 

Blast-Furnace Reduction.* The charge fed into the blast¬ 
furnace <misists of calcineil ore, coke, and usually linicHtone. The 
(oke must be specially prepared for the pur|)o.se by heating coal 
rather tightly pfi(jked in special ovens,- so as to jiroduee a <lense 
strong material. ('I'he ]>orous coke obtained at the gasworks 
would be too weak to with.st.uid the j)reKsur(^ to which it would 
be subjected in the bla.st-furn.vi’6, because the choice of materials 
and conditions needcU'is.oblarh the m'hximum production of coal- 
gas allow too much “ frothing ” of the coal, and yield a coke con¬ 
taining large pores, and consequently without mechanical strength.“) 
Many Scottish blast-furnaccs burn splint coal instead of coke. 
The limestone, is required in all cases in which' the "ore is of a siliceous 
character, its function licing to'combine with the somewhat in¬ 
fusible^ silica, yielding a fusible slag consisting mainly of calcium 

' ‘ See T. Tui?ier, " Tlie Mi-tallurgy of Iron ” (Oriflin). A. it. .Sexton and 
J. S. G. Priinrosi*, " Metallyriry of Iron and .Steel " (.Seicntitiel'uliIiHhingCo.). 

’For a dftcription of a modem coking iilant aec G. .S, Cooper, J. AKirt 
SUel InSt. 90 (1914), 17. 

’Sir G. Beilby, J. Soc. Chtm. Ind, 41 (I922)y 341. Compare K. Ix-aaing, t, 
^rana. Inst, tjan Eng. (1912) 242. ^ 
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silicate. Occasionally, as at Frodinghara, the ore contains sufficient 
calcareous matter to rsnder the addition of limestone unnecessary.' 
And indeed in any ore e.xcessive a/ldition of limestone must be 
avoided, since this would defeat the very purpose' of the addition; 
very “ limey ” slags are usually difficultly fusible and SVi6ky. A 
distinctly basic slag is, however, quite advisable if the ore or^fuel 
contains much sulphur, \fhich is then kept in solution in the slag 



as calcium suliinrtle. Instead of entering the metallic phase as 
ferrous sulphide. u 

The blast-furnoee consists of a shell of brickwork, usually cased 
extscnally with riveted steel, and lined internally with'good Refrac¬ 
tory tirebripk. It is generally considered that the most suitable* 
kaight for a blast-hirnace is about 76 ft. ’.rhe general 4orm of the 
furna#' is sJiowii in Fig. 19. The circular shaft broadens'slightly 
' ns we {MISS from the tpif downwards, reaching the broadest point 
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about two-thirda of the way to the ground. Below this poin* th» 
walls slope inwards at an angle of 70-75”, lyitil we reach the level 
of the “ tuyeres,” througli which the blast of air is forced into the 
furnace^ the sloping portion is known as the ” bosh,” whilst the 
comparatively narrow space at the bottom is known as the crucible. 
Thc^ozzles of the tuyeres are inserted into till furnace through 
a rin^ of holes at the top of the crucible.* fjinje this region of the 
furnace iij e.xtrcmely hot, the tuyeres are surrounded by jackets 
containing cooling water. At one time the cooling water w'a-s forced 
into the jacket by pressure, and conseouently. i| the water-jacket 
happened to burn through, walir would be shot into the white- 
hot region of the furnace, causing an e.xplosion. In many of the 
nevfcr furnaces, however, the ceiling water is dr.awni through the 
cooling-jacket by suction, instead'of being forced through by positive 
■pressure ; in this w'aj^the danger of sxplosions is greatly reduced. 
In the larger furnaces, waler-eooling is al.so applied to the “ bosh.” 

Working of the Blast-Furnace. When the blast-furnace is in 
full working order tbe charging is idinost eontinouus. In some 
works, barrows containing the charges of ore, (ioke and limestone 
are brought uji to tlio fop of the shaft by a vertical hoist and 
emptied into the tuniaee by hand. Most fnrniices are, however, 
now jirovided with meclianieal means of charging, being eipiipjH'd 
• as a rule with ,.n inclined hoist up which .skips or liuekets eon- 
•taining tlie eliarge are sent; in sueli eases it is gmierally arranged 
for the skips oi luu k<*1s to diseliarge. their Imrileu more' or less 
autom 'fkailly into tip- mouiii of flic turnai-i'. tiius l.argelv dispensing 
W'ith m.inual lalKUir.^ .\n iron coni' or ” liell ” counterpoised fty a 
weight wliteh keeps p noiinally iiressed n|) against tlie liottom of 
the hopper, sea the nuiiitl) and thus prevents an undue ese.apo 
of gas during elmrgiiig • 

^ The charge continuously dc.-vciids tliroiigh tli<‘ furnace, which 
is ahvays kcjit full-"... p.cticail\' to tiii'^top. 'I'lic molten ])roduct8 
produced during the di'seent separate in tlie erucililo into two 
layers, coiisisting of mollfti slag and iiioltcii jiig-iron respectively, 
which ai* periodically allowed to run out through the separate 
tapping-holes S and M placed at diffenaii |f\'ils. 'Fhesc holes 
arc not, as a rule, kept open contiguously, but are o])encd at intervals, 
when sulTieieiit iron and slag have collected in the crucible. 

WWlst tiie i liarge is descending, air is being forced in through 
the nozzles of the tuyeres under a oonsidcriihlc jircssurc (4 to 10 lb. 
jicr wj. in.); it passes *ip through the mass, burning flic coke and 
producing the«ncces.sary heat. The temperature maintained Is 

' For details o( different systems see N. Kof^, J. Iron SM Inst. 90 (1014).• 
404; D. E. ftoberts^J. Iron Hied In.\ 105 (l»22), 01. 

M.o.-^voL.'ni. 
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about 3,800° C. on the level of the tuyeres, about 2,600° C. at the 
broadest point of the turnace, and falls off from that point steadily 
as wo go upwards, being only about 300° C. just below the mouth.* 

The blast-furnace fulfils two distinct functions :— • 

(1) The reilucliun of the oxide to metal, brought about chiefly 

in the (ipjaT and middle ])orlions ; • 

(2) the funiiin and etmseipient aeiximtiun of the iron produced 

from the alaggy matter, which oceiirs in the intensely 
hot lower region.' 

(1) When the cnarge of ore, coke and limestone enters tlie mouth 
of the fiirnaee, partial rediielion of llie iron oxide by the carbon 
monoxide formed lower down in the furnace eommenees through 
such reaetion.s as 

IlFcjOj t- Ct) 2I'V,(), t CO, 

2I'V,0, I 2C() liKel) + 2CO, 

C.KeO + liCO OFe t liCO, 

The rediKttion may eommenee at a comparatively low temperature, 
but only becomes eomjilete as tin- charge descends into the middle 
portion of the fiirnai'e. As will snbse((uently be explained, it is 
ipiite impossible to avoid a large amount of carbon monoxide 
passing out from the top of tlie furnace unused Numerous acces¬ 
sory changes occur near the to|i of the furnace; one of these is 
the spontaneous decomposition ot carbon monoxide according to 
the eipiation 

2CO C I CO... 

This change is brought about by the iron oxide, which acts as a 
catalyst, the finely-divided i-arbon being thus /leposited on the 
surface of the iron-ori', , 

Another important reaction occurring fairly high up in the 
furnace is the decomposition of.'Sie limestone into lime (CaO), 
and carbon dioxide. « • 

(2) As the ehargi^ descends through t,lie furnace, coming nearer 
to the seat of the blast, it liecomes hotter and hotter. Finally 
such a temperature is reached that fusion actually takes place. 
The fusion of the ifOn ik lirst rendered possible by the fact that the 
reduced metal absorbs the linely-divided carbon clinging to it, and 
the melting-point is thus lowered; the fusioo of the slag, on the 
othw hand, is brought about by the combination of flio sifiecous, 
gangue with the lime, formiiig a fusible silicate mixture. Fusion 
cwnMuenees below the point F. The molten drops df iron are 
heaviee than the molten dro])s of silicates (slag)'; consequently 

* F. (lleinents,^, /run A'teef Inak 101 (1020), 131), ^ 
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ill the crucible two fused layers arc formed, the molten iron below, 
and the molten slag above. 

Periodically when the enicible becomes full, the slag-hole S and 
iron-hde M are openwl, and tlie two materials are run out. The 
moulds plovided for tlu' metal are formed, in nio.st Knglish works, 
of sjind; a Hat piece of ground of eonsiderab^' area is covered 
with Sand, the surface of which i.s raked hUg a;;i iil-systein of ridges 
and tr'-nclies. The molten iron is.sinng from the furnace is cau.sed to 
run through tlie trenches in tlic sand and solidifies in them. Before 
it is quite cold it is broken up into long bars (or “ yiigs "), usually by 
the appheation of a sharp blow at a suitable ])luce. At some works 
automatic machines designed for raiiid " pig-casting ” arc employed, 
in which the molten iron ))ours from a ladle into jrermanent moulds 
(generally of metal). In one form llie moulds arc attached to an 
endle.ss band, which travels forward at such a rate that when one 
mould is full another takes its place. The moulds illled with metal 
travel forward, being cooled with water, and discharge the soliditied 
metal at the farther end ; the empt;, moulds then return along 
the under-.side of the moving band to the tilling point, and are 
ready to be filled once again 

The slag pouring out of the slag-hole is allowed to accumulate 
separately. It is juoduced in veiy large (piantities. anil it was 
formerly one of the chief jiroblems of the ironmaster to know what 
to do with if To a large e.xteni it has been broken u]), and Used 
as material in the reclaiming of land, or for road-making, or c\en 
as balla.st. Another use is in the manufacture ol “slag wool”; 
slag when quickly cooled sets to a gla.ss, and slag-wool can be 
regarded as a cheap substitute for glass-wool. 'I'he wool is made 
by pa.ssing a jet^if steam into molten slag , drofilets of slag are 
carried olf, each of which is followed by a»line thn ad ol slag. .Slag- 
wool is used as a heat-insulating material, for e.\aniple in “ jiacking ” 
*hot-water fiipcs to ’yevent heal doss by ladialiou. .More recently 
blast-furnace slag has come to be imi^ortant us a material in the 
manufacture of cements ('-ce Vol. II, ]), 142). 


The Thermal Economy of the Blast-furnace.’ The bhuit 
of air forced in at the tuyeres no doubt jiric ari^' 'jiiriis the coke to 
carbon dioxide, but the carbon (Jioxide- passing upwards through 
further layers of iiitemsely hot coke reiu ts at once according to the 


eqiiathm 


CO 2 -t- C - 2C0. 


* Some facUim not- alwa}iH fully eonMiUercl an* (Icsi-uhikhI by >1. K. Wright, 
J. Iron Steel Inrtt. 101 (IDgO), 179. 'Hio equilibrinni relations are iloalt*wiiTi 
in iletail by R. SShenck, “ Rbysjeal Chemistry of Metals " : translation hy 
R. S. Dean (ttliapiiiaii A- Hall). .Sis' also .lohnsoii. .Itiioor, *'JVin-* 

c;i|iles, 0{H'ration ani^ rroiluets of th.-^tlast-fuitiiu-e ” (.M. Ilraw-Hill). 
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This change is never quite complete, the equilibrium 
■ CO, I C J 2C() 

being established. The system eurlxjii, carbon moiioxido, carbon 
dioxide ” is, according to the phase rule, bivariant, and, g.t<a given 
total pressure, t^iere will be a deliidte equilibrium ratio of 

carbon dioxiile • 

cvri'esitonding to each temperature, as indfeated 

carbon mono.vide 

by the curve A I! (jI Pig. ;t(), which refers to a pressure not far 



Flo. 20.—1'ti]uililiriuin In luo'ii Iron nnil Us Oxides. 

✓ 

removisl from that of the atmosphere. ^ d'he higher the tiunperature, 
the greater the a.mounl of carbon monoxide in thi' lapiilibrium 
mixture, 'llius in tlu' lower amUhotter pay t. of the furmu'C xvc 
lind the reaction taking jiKico in the kc<m\ ’ 

CO, I C 2C(*;, 

whilst in the upper and cooler parts as already stated- we find 
thn converse ehat.g*! oefurring, 

2C0 «)> d C, 

with the important result that finely divided carbon js deposited 
upoTi the ore as it descends. 

Now theoietual reducing hgent of the ij-on oxide is the carbon 
iflbiffixidc formed in the manner just explained. The reduction 

t ' .-V. Hiindonnrd. .tan. CMm. 24 (l!)(ll). 2S. Cornpare V. Faicko 

Zcitach. 27 (•iti'il), :J^8. • • J 
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pri>l)ttbly takes plaee in flie three stages suggestetHilsive, aiut ejuji 
of these is really a balanced reaction. For vistanee, the last stage, 
which can be written 

*. , FeO + CO Fe + t:0. 

is capable of taking plaee in either direelion, aeiM>rding to the ratio 
of rttg two gases present. 

Fe t CO... KeO i t'(f 

rh(‘ etitiilibriuin ]>roportions of tin* gasi«s for dillerent teni)ieraf nres 
is shown by the eiirte COD of Kig. 2t).‘ If rbon niono.\ide is 
brought into contact with heali'd ferrous o.\i(i(', it will redueo it to 

the metallic state, until the ratio 

(•arl)(i!i nH»ni>\i<Ic 

indicatrd by the c-iirvc , afti-r this no fiirtiu'r rt*d»jr(i(»ii to llio 
motallio Htatr ran tala' jilact'. If by ony acridrnt tiic pis canu* to 
oontain morr di()\id(' than the anioiinf slittwri by Ihr rmvr, thm 
metallic iron wouM actually become oxidizc<], until tlic ratio was 
rectified. 'I be Io\\(t curse CK rcju'cw'iitH in a like manner llu' 
conditions needed for tiu' tMjuildirmin. 

I'VO, i ('(» :!Kc(> i (’(),. 

It is cit'.ir flicrcbifc that ini(h-r all c<niditi<»ns rcpn>cnt(‘d by tfn* 
area I, metallic ir<»n is the stalfh' st-lid phase, wlhlsl. in llu»se repri'* 
H(‘nted hy areas !I anti III, llic stiihle phasf* is resfM'ctivelv ferrouB 
ftxide (FeO) iuid magnetite (Fe,,(),) In tlir area IV to the- left of 
fh(^ line AtJH, tin* contains more carbon monoxide tfian cfirre- 
sjiond' to stafilo eondiiions, and would tt'iid to deposit carbon; 
the dolled lines in tin's nrou n'prt'sent conditions of metastable 
equilibrium between iron and thi* two oxides - 

The diagram serves (o sliow that meti^llie iron is oidy eajiable of 
existing as a stable phasi* under conditions n'jire.seiited by tlu' area 

*0. Chamlron, tV)i ^ - Hnul 172 (’(mijmrc also 10. 'IVrn'H 

Hml A. Tfainracz, Ztif'ich. ktiut hon. 25 A. .Sniits arul J. M. 

flijvoat, f‘roc. Atn'<{. Aciul. 2* (llllll), IlSd; \V\ IWor, Amst, Acad. 

19 (191U), 17.'5;F. K. ('. ScluiiTcr. IWoc. /Im?/. Anul. !9 (ill; A. 

Matsubarj, M^n. Met. 170 (H>21), 31. .\ hiiniinnry t»f thn wluthf fjueMlifai ih 
givrn by E. D. Kostnaui, ./. Amcr. (^hnn. Sue. 44 (1U22), 'J'Ih' curva 

givoti in many toxtboolw, wiiicli hIiowh a inimmum »t. about UHO’C., ih due 
to E. Baur and A. (ilacs-siicr, ZcitMh.J*}iij^. ('hem. 43 (I0(i3), 3.71 ; it probably 
does not rt*pro«oiit the true cfjuililiniifri t'otidiiions. 

•It^ia hkoly that n «r tlie t<jp of thf' fbacram there ih an anai in whirh 
mixed crj'HtaU of carbon an<l iron are tbe stable hoIkI phase. I’oHsihl" ..ear 
the bottom of the diagram then:* is an area m which feme oxidcf (FcjOj} ih 
the stable pha.se. But if ih true that a contiiuioiiK range of .nixed crvHtalu 
exist varying from FojO, to FcsOi, it will not bo jmsHible Uj hIjow a ’ we 

separating the FcjO, area from th<* FC 3 O 4 ania. Soo A. Smile and J. M. 
Bjjvoet. Proc. .dmW. .lead. 21 (1019), 386. avoid controversial issues^ 
^hew* areas c.rc not shown in tbe diugra^n. • * 
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L tliiit is in the iircscnco of considerable excess of carbon monoxide. 
It will now Ik! nndcrsV>od wby there must always be an excess of 
(•arbon mono.xidc in the residual gases. As already stated, a small 
part of this excc.ss of monoxide spontaneously decomposes in the 
liigber (and eool('r)'i).arts of tli(^ furnace, yielding carbon dit)^ido and 
finely divided ea/)on, a fact which tends to reduce the rat\p of 
monoxide (o dioxide!^in,tl*.’ emergent ga.ses ; likewisea little carhon 
nionoxidi' jnay lie used nj) in the cooler parts of the furnace, in the 
ixniial reduction of ferric oxble (say, to EcjO,). lint these changes 
are not ra)iid at tin" femperatnri-.s prevailing in the upper part of the 
furnace, and the gases usually leave the furnace with aitout two- 
thirds of the carbon in the st.ate of monoxide.’ 

It is clear, therefore, that the furnace re(|uires more coke than 
would appear to he neee.s.sary for the reduction of the iron ore if 
the eoinplete oxidation of the carbon was possible. But in most 
eases, es|H'eially where the ore and fuel are impure, and the pro¬ 
portion of slag-forming material in the charge is large, the amount 
of fuel must he increased still further, in order to raise the whole 
of the charge to the high temperature needed for fusion ; and since 
about two-thirds of this e.xeess fuel will Is' burnt only to carbon 
monoxide, the amount needed to heat the charge is very mueh 
larger than ois' would expect. The energy of the exce.ss fuel 
burnt is, of l■(alrse, largely r<'pre.senled by the eomhustihle 
carbon momixiile in the emergent ga,ses, and partly by the heat 
carried off by these gases, as well as by the stag and the metal. 
Whilst, however, eomparatively few atlem])ts have hitherto been 
made to recover the heat carried oil by the slag and metal, it is a 
universal practice to collect the gases that leave the furnace, at the 
top and to utilize the energy resident in them, sl'ho gases arc in 
part burnt, in the so-called “ Cowpr'r Stoves," xvith a view to 
pre-heating the air-blast hi'fore it is forc<'d itito the furnace through 
the tuyeres ; in (his way fuel is eertifomized, sijjoe otherwise the air ■ 
would have to he brought td (he furnaee-t^fnperat e through the 
eomhiistion of extra fuel xvithin the furniKe. But, with economical 
working, only a portion of the emergent gases is neede^ for this 
purpose, anil the ^est eiyx he used to supply jsiwer for driving the 
whole of the machinery of the works, including the hoist for charging 
the furnace and the engine for blowing in the air ; not infrequently 
there is sullieient power left over to generate electrical energy ^whieh 
can iTetually he utilized outside the works. The raising of {rower by , 
means of waete gases can he Drought about indirectly by burning 
tKh gUses in boilers, the steam produced being used to (frive steam 
engines! It is, however, iqore economical to burn the gases directly 
' See Sir L. Bcll.i/. Soo, gicm. hid. 9 (1890t, 7(14-7(11). , 
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in gas-engines of suitable design, altlmiigh, before this is jioSHible, 
the gases must bo freed from the vast burden of dust whieh is 
carried by them as they leave the furnace. Indeed it is beravming 
customary to cl?an the whole of the ga,ses -even those portions 
used in^>)wper Stoves and in boilers-- since the ihisl is an extremely 
bad^conductor, and interferes with the free tr*n.sferenee of heat 
in e(»ch case.' 'J'herefon' it will be ad'isable first to say a few 
words about the cleaning of the gas, and tfiert to deserilie shortly 
the principle of the Cowjier Stoves. , 

In the cleaning of the gases,- numerous jiroeesses are used. A 
good d(%l of the coarser dust can be (>liininaled siinjily by 
passing the gases through a cooling-chamber, a hen much of the 
moisture of the gases is deposited and the larger dust jiartieles come 
down with it. For the elimination of the smaller jiartieles, more 
drastic treatment is needed, and filtration through bags made of a 
special cloth has become common ; in order to avoid any chance 
of the deposition of moisture on the lilter cloth, it is customary to 
warm the gases slightly after they have the eooling-ehaniber and 
before they enter the filter-bags. After tiltration, and further 
cooling, the gases are suliieiently free from dust to be suitable for use 
in gas engines. 

Lately, however, electrostatic systems of cleaning ha\e become 
important for the n imnal of the linal |)ortion of line dust, and have 
also been used in this eounlry for the main eh'aning operation.' 
During the war, blast -furnace dust aerpiired a considerable value as 
a source of potash (which aro.se from imiuirities in the ore and fuel), 
and at many blast-furnaces salt was intentionally added with the 
charge, so as to incri'asi' the yield of pfitassium chloride. 

The dust coijjains a considerable amount of iron, and in many 
eases is brif|uetted and returned to tIp' furnace. Coal tar and 
ammonia are also recovered from blast-furnace gases in some 
• places.' 

The Cowper .S.dvti are tall chaniiiera the interiors of which are 
filled with brick checke’'v/ork, through which the hot gases pass ; 
sufficient air is admitted to the sto\-es to burn all the carbon 
mono.\i(?e, and the heat produced is largely absorbeil by the brick¬ 
work, whieh soon becomes intensely hot. rwitsioves are connected 
to each furnace. The blast i* forced in through the first (hot) 
stove and becomes heated before ])assing to the tuyeres ; the waste 

' J. E. Stead, J. Iron Sterl Inrt. lOI (1920), ■10. 

* S. H. Fowlos. J, Iron ,Strfl Inut. lOa (1921), 7.T; W'. F tiibbs, ,/. Sor. • 

Chem. Ina, 41 (1922), I89t. * , 

* A. Hutclimron anrt E. Bury, ,7. Iron Strrl InrI. 102 (1920), (l.t. ,See also 
section on potaaaium (Vol. II of tliw worl^ 

^ ' R. Haaoilton, J. Soc. Chrm. Inrl. 35 (I9I§), 693. * 



72 


MKTALS AND METALLIC COMPOUNDS 


^a«CH*piisB out through tho second stove, and heat up the brickwork 
in that. As soon as the first stove is become too cold to heat the 
blast efficiently, the .second is ready to take its place. The course 
of the gase.s is therefore changed, tho blast is fefreed thropgh the 
newly heated stove into the tuyeres, whilst the waste gases from tho 
furnace-top are jfow Imrnt in the first stove, which is thus 
heated up again. Thi.s “ regenerative ” sy.stem of heating is, of 
course, essentially file same as that described in connection with 
the manufacture of glass. , 

iSinco the reactions of the blast-furnace reipiire about 5 tons of air 
for every ton of iron produced, it is obviou.s that it th# air sent 
into the furnace were cold, a very considerable amount of heat 
would have to be expended in raising it to tho temperature of tho 
furnace ; in eonseipienoe, the “ pre-heating ” of the blast causes a 
considerable economy of fuel. 

At some works it has also been found economical to “ dry ” the 
blast ; for if water-vapour is forced into the furnace, endothermic 
reactions between water and the hot coke will lake place, such as 

H.,0 t CO 1 II., 

which will produce a cooling jn.st where the higlic.st temperature is 
reipiired ; to avoid this, the air may be dried by passing it through 
refrigerating lubes, where it will deposit most of its moisture, 
before it enters the stoves ('idciiiin ehloridii has also been 
I'lnployed for the rlrying of the blast. The system has, however, 
never come into general favour in this country. As a matter of 
fact, the average absolute content of moisture in tho English air is 
not so great as is often supposed, and it is generally considi'red that 
the system of drying the blast is not renumerativi'.* However, 
with the recent rise in fuel prices, it is not impossible that the matter 
may be reconsidered. * 

Continuity of Working. In tlw description of the smelting 
process that has been given, Vt is assumed Untit^he blast-furnace is 
ill eontiniious operation. In general, wlj,eii once tho furnace has 
been started, it ought to eoiitimic indefinitely ; ore, limestone, and 
coke arc charged in almost eoiitinuoiisly at the top, and \ron and 
slag are run out iiriof.nitfently at the bottom. There is no c.s.scutial 
reason why the jirocess .should be ititerrupted until the interior of 
th(' furnace has iH-eome so worn as to need repair, which may occur 
evdtji few years. 

It is in faej very important that interruption should be avoided, 
bocaure the furnaee cannot be let out or rekindled quickly : rapid 

* W. W. ilolliiigs, J, Iron Strrt Inn>, 102 (1920), 91. Tlio use of dry blast 

howovor, strongly aUvocatfy'U by A. K. Boeso, Engincenn^ 114^ 1922), 312. 
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boating or cooling would cause the thick walls to crack. A cold 
furnace reejuires many weeks to “ light,” that is to bring into working 
operation, and it may bo months before thV ma.ximum output is 
reached. A smsdl fire is first liglitcd in the bottom of the furnace, 
and vory.gradually the shaft is filled up with fuel containing small 
quantities of ore and limestone, only sufficient being blown in to 
keep.the chnrg(( alight. When the shaft is pritcdieally full, the 
air-blast is gradually strcngtheinal. the ehafg(ti a<l<led are allowed 
to contain more and more ore and limestone, and the iron and slag 
produced arc allowed to run out occasionally tbnaigh the taji- 
holes. • 

Since it is so undesirable—when once the furnace has been started 
—to interrupt the working, anything that lends to block the shaft 
or to damage the walls must be avoided. ]{lockag(^ partial or 
complete— may be caused by the formation of diiliculfly fusibhi 
materials in the furnace. 'J'his is somewhat likidy to oeeur if 
titanium is introduced with the charge, because infu.silde substances 
containing titanium are liable to bo formed. It is for this reason 
that ores containing tifaniiiin are loolosl n)ion with di.sfa\onr by 
iron-smelters, although it has been shown that with care titarnferous 
ores can be smelted in an ordiu.iry lilast-furnace without any 
blockage occurring ' 

Where the olistruction occurs in the crucdile. causing the blocking 
of a tapping hole, it may often be jaissilile to bore another tapping 
hole at a n(‘W place, Obstructions of the charge in the shaft, wliich 
may gradually come to prevent the upward p.is.sag(' of tln^ blast- 
gases, as well as the downward ]ias.sage of the charge abovrr 
(“scaffolding” or “hangiitg”) i-crpiire more rlra.stic treatment. 
.Sometimes the i^itroduction of an e.xtra tuyere through the walls 
at the point where the olistruction exists^may cure the .scaffolding. 
.Sometinrea there is no reined/ cxer'pt to allow the fuiiiace to cool 
■ gradually down, and to brerik up thi' matmial in the shaft. 

The deposition m s,'..'/! carbon in tk<- uppir ]iart of the furnace 
through such reactions .■^s 

. 2CO ■ COj -I- 

which have already la cn referred to. is a pos.-'ilih^causeof " hanging.” 
In other cases ob.struction is connected with t he u.srj of jiowdery ores. 
Moreover, if the composition of the slag is not correct, the lack of 
fluiaiiy of the latt<“r may occasion obstruction. TTui additior of 
limestone to the charge must theredore be carefully regulated, 
according .o the amount of siliceous matter introiluced alonji witli 

^Soo three atMitrocU on tho subject in hiM. {19f4), 638. 

Compare, however, J. A. llvskctt, J. Iron Jlrrl InH. 101 (1020), 201, • 
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^hc ore. If tlie ore is a highly calcareous one, it may actually 
h(^ necessary to acid, njit limestone, but silica, in order to bring the 
slag to the suitable eomj)osition; commonly, however, the same 
obje(!t can tw attainefl by rni.xing a limey ore "with a siliceous 
ore. ‘ • * 

Another inipo^nt (!au.s(^ of blockage is to be attributed to the 
presence of imdiily lai^e,lumps in the charge; they may sticic at 
the side of the furna'ce, and form scaffolds ; when the finer material 
below moves down, the s(^nffold is left unsupported and a^udden 
slip will octnir. 'j'his slip may cause a sudden evolution of gases, 
since tlu' charge! falls sudilenly from a comparatively eooKo a very 
much hotter |)art of the furnacee ; conseipiently an explosion may 
oceair which nmy damage the furnace. If the dimensions of the 
bell are such that the larger lumps are thrown into th<! central part, 
of the shaft, this trouble is utdikely to be exiierienced. 

If it is necessary, owing to a strike or some other cause, to suspend 
temporarily th(! operation of a bla.st-furnaoe, the furnace is “ damped 
down " by charging in a (piantity of coke, and then carefully shutting 
olT the ac<!eas of air to the furnnee. Under these, conditions the 
furnace maintains its temperature wonderfully well, and, even after 
some weeks’ stoppage, tlu' operation can be resumed with com¬ 
paratively little further delay. 

Electrothermal Production of Pig-Iron.' In the thermal 
production of pig-iron, a considerable amount of the heat produced 
by the combustion of the fuel in the air-blast is used in heating up 
the iron and thi' slag-forming eonstituenls to the point at which 
they become fused ; the [iroportion of the fuel used in this way 
varies with th<‘ amount of impurities in the ore. Moreover, of the 
coke entering the furnace only about one-third ^'an bo burnt to 
carbon dioxide, the remainder leaving the furnace as carbon 
monoxide. Although the energy content of the emergent gases is 
recovered and utilized (in the pnt-lfeating of yic blast, and in tho 
driving of machinery) yet aily proi'css in xflfich the volume of gases 
leaving the furnace is materially redm-ed would be worthy of 
consideration. , 

In the <‘leclro(hermnl smelting of iron, tho heating is brought 
about electrically. 'I’lie oxide is mixed with suflieient charcoal 
or coke to reduce it to the metallic state—calculated on the 
aijguinption that two-thirds of the fuel becomes tixidizcdjonly to.ear- 

* H. J. Huiison, /rtJM Tradr RfV. 53 (1013), 100^3 ; .T. H&rdeu, Electrochem, 
hid. r (1000). H): M, t Chm. Eiuj. 12 (1914), 444 ; ,1. \V. RicKardfl, Eketro^ 
cArm. li'd., 5 OIHIT). 103 ; A. ('oiituKtio, Rev. Met. 17 (19t0), 450. See also 
^•EkrirtKhem. Ind. 7 (1900), y*3 ; € (1910), 11 ; Iron Coal Trader Rev. 90 
(1916), 67. , . f . . 
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Ik)!! inonoxidp, and no air is forrerl into tho furnacp. In this cas<;, 
parbon, directly or indirectly, is the actual r^duoing agent, and we 
have to deal with changes which arc highly endothermic : 

4Vi; 20, -I-9C- 8Fe + GCO + SCO, — 7r,2,(XM) cals.i 
The reduction by means of carbon would cause a lowering of 
temficrature, if it were not for the fact that tIA' temfSTature is 
maintained at its high level by the expenditaroof ehs trieal energy. 

Although it is clear that here as in the bfasl-furnace--the gases 
leaving the furnace must contain about twice as much carbon 
monoxidkas carbon dioxide, they «ill be eoniparatively small in 
volume, being the result .solely of the reduction; they do not 
include the ])roduets of combust ion of fuel burnt in order to bring, 
about the fusitai, ('on.se(|uently the total amount of energy 
carried off will Tiot be very gicat. Tlu‘ gases will, moreover, be 
quite free from iiu'rt diluents, such as nitrogen, wbieh is the major 
constituent of blast-furnace gas. 

Nevertbele.ss eleelrofbermal smelting is uidikely to be more 
prolitable than blast-fnrnaei' treatment, exeeid in countries wbere 
fuel is scarce and wbere electric energy based on water-iiower-- 
is chea|). The Scandinavian indnstrv de.s<'rves a brief mention. 
One tyis- of furnace used in the elei't rot hernial reduction resemblea 
the blast-furnace in sh.qie, but the place of the tiiveres is occupied 
by the electrodes: tie erneible is nsnally wider than in the blast¬ 
furnace. Ill Swisleii eliaieoal is used as the fuel. 7 be charge, 
consisting of ore. limestone, and eliareoal is shot in eontiniiou.sly 
through the bell at the top, as in the blast-fnrnaei'. and descends 
through ihe shaft where it meets the iseapiiig gases from the 
erneible, and, eonsequently, absorbs niiieb of the heat w'hieh would 
otherwise hi-carried away. When it reaelii s the erneible a very high 
temperature is produced by ibe powerful ileetrie current passing 
. between the eleetroihs. At lhi> \ery high teinisrature the endo¬ 
thermic reduction i*. t!i iron oxide by.the earlsm la-comes po.ssible, 
and molten pig-iron aiu^ slag are foriiieil, and run away through 
the tapping hole. There may be tliii'C or four electrodes connected 
to a soufee of polyphase alternating eiirrent. 

In Norway, where |Hnver is cheaper vtii Uia.i in Sweden, but 
where eliareoal is si an e, severiil attempts have been made to use 
coke as a fuel. 'I’jie tirst attempts were unsuccessful beeause- 
owing to the fact that coke is a far better eondiictor than chare.pt’- - 
the tyjie of furnace which worked well with charcoal was not 
adapterl fi r smelting with coke. Sulisequent attmnpts have jjrov^d 

* Thm numlM’r w from A. J. AllmaiifU *' ApplicK# Klootro* 

chornifltry " {Amoidj. “* 
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tliat, in a auitablc furnace, it is perfectly possible to smelt iron ores 
electrically with the p8(! of coke as a reducing agent. 

Owing to the high temperature reached in the electric furnace, 
it i.s possible to smelt ores containing a rjuantity of titanium which 
would possibly eailsi; trouble in the blast-furnace. « * 

Compositlon^f Pig-iron. The properties, structure, and.uscs 
of i)ig-iron will be (l(,-alt w^th later, as well as the effect of the various 
iin|)urities upon it. I!ut, since; pig-iron is the raw maf^snal of 
steel-making, it is advisable here to give some idea of the ordinary 
composition of pig-iron. The only essential constituents are the 
iron, carbon and silicon, 'I’lie carbon content usually falls between 
2 )X'r cent, and 4’0 per cent. 'I'he silicon is very variable; in 
“whiff; east iron” it is usually below 1 per cent., but grey'iron 
contains much more silicon, which .sometimes reaches jjer cent. 
Since manganese is an almost invariable constitrejit of iron-ores 
it is usual to lind t)-r> to I',5 per cent, of this element in pig-iron. 
STuall (piantities of sulphur occur in all pig-iron, but in grey iron this 
should not exceed (1-1 jier cent. Phosphorus, on the other band, 
may reach 2 |ier cent. In iron made from a phosphatic ore (e.g. 
Cleveland ori') ; in “ luematite i)ig-iron ” tlm phos])horns-content is 
often negligible. 



IRON 


The Manufacture of Steel* 

* • t 

General. The production of steel from piK-iixyi can he desi rihed 
in pepulivr language us the “ burning olT " of the i ^nor constituents 
of the pig-iron; these) constituents ini^m^e^earlion, inangam'sc 
silicbn^und sometimes jihosphorus and sniphur. A eeriain amount 
of fresh carbon is usually added towards the enil of the proeess, 
uccordinjjjto the character of the steel laapiired. The removal of tlie 
phosphorus and sulpluir only jnoeeeils in the presi ni'e of a slag of 
distinctly basic character, and thus we Inn c to divide all steel-making 
processes into two classes :— 

(1) Arid, which are considered to give the best product, but which 

demand raw material of high ipiality, free from phosphorus. 

(2) Basic, which are neee.ssary where a. pig-iion containing 

phosphorus is the raw materi.d 

Naturally acid ])rocesses must he carried out in a furnace witli a 
siliceous lining, whilst basic processes rei|uire furnaces lined with a 
basic substance, such as calcini-d magnesite or dolomite ; otherwise' 
interaction between .slag and lining would oe< nr. The basic ]iro- 
ee.s.ses have attained a very s|ieiial importance in the .Minette 
District, wln-re the oies alw.avs ecailain phosplioius. 

It is common also tet classify jiroccs.scs accoidnig to the type of 
furnace in which they are carried out. thus • 

(a) Dpen-he.uth jirocess, 

(h) Bessemer pioce.ss, 

• (r) Electrie-furnace jirocess. 

Actually the chemisir}' of the nroee.ss is diStiuctly dilferent according 
^to the kind of furnace cmjiloved. From the chemic.-d standjsiint, 
tiie oxidation of tW main imjiuritics may he i IVecled in two (piito 
distinct ways, although in some jiroccs.scs Je g in the ordinary fonn 
of the ojien-hearih jirociVs) both agencies contrihuti' towards the 
desired i«.sult. Tlie two ways are :— 

(i) Elimination h\ o.vtdiziti;/ . 70 ,w,<. ei'hi*:' il'n.lly or indirectly; 

(ii) Elimination by the addition of oxides oj iioii (arldcd ns ore, 

scale or rn(.t) to the chnrg<‘. 

The Open-hearth Process,- by which most of the w.tlTd's 

V F. W. ttftrlKird and iT. W. Ifall, " Tiie .Mclidliirgy of ’’ (ftrilTin). * 

D. Cnriiogio, “ Liquid SOi'l " (I-tiTmimins). • * 

•Much valuivole inforinatiou rcgurdiiig tlie jioiiits iijion wlacU cnieicnt 
open-licurtli pmcliee dcjicnds in givi-n’hy L7 Cleiiieril.s, ./. Iron Stfe! JnHlj 
« 105 (1922); 429. j 
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output of Mtool in j)ro(Iuct*d ut the present tiiuOf is eurried out in a 
gas-fired regenerative furnace, very simiiar to that described for the 
manufacture of glass, but designed to give a higher temperature. 
As a mutter of fact, the regenerative principle was appUed to steel 
by Siemens after it had been applied successfully to glflsl. 

The gaseous fijpl employed is generated close to the furnace^in a 
separate producer, Nmmally the producer consists of a brick- 
liucd chamber in Ihlch air and steam are forced - or ^wn— 
through a bed of incande.'ifent coal. 

Now if a curreijt of dry air were passed up through a column of 
red-hot coal, the latter would be partially burnt, carbon^nonoxide 
being formed. Th(! gas passing out of the producer would consist 
therefore of carbon monoxide anil nitrogen, and could be used as a 
gaseous fuel, since the carbon monoxide will burn in air, forming 
carbon dioxide, iiut considerable heat is evolved in the first 
partial combustion to carbon monoxide :— 

2C + = ' 2CO + .IH.tKK) cals, 

about half that evolved in the further burning of the carbon mon¬ 
oxide to dioxide: - 

2(,'0 -(- Oj 2('Oj + 1:15,920 cals. 

It is obvious therefore that during the burning of carbon monoxide 
only about two-thirds of the energy .stored in the coal is evolved as 
heat. About one-third is evolved at an eaiiiiT stage, namely, during 
the production of the carbon monoxide; and, unless the carbon 
monoxide is u.seil while still hot from this preliminary eombustiou, 
one-third of the energy is quite lost. Even with this lo.ss, the 
praetical convenience of gaseous fuel over .solid fuel in steebmaking 
is so great that it might be worth while to submil.to the saerilice ; 
but fortunately the lo.ss .can largely be avoided by introducing 
steam along with the air. The steam acts U)ion the coal, producing 
hydrogen and carbon monoxide, aitl the ehaiij;<‘ N 

Hjl) -h (' Hj + Cfl 

is endothermic, involving the absorption of liit.iitiO cals. Thus the 
reaction belwei-n steam and coal tends to cool the charge, ficutraliz- 
ing in part the etTcvt^if the production of carbon monoxid“ according 
to the e.xothermic equation, , 

t' + 0 CO. 

Th'^I)lxdically, if the steam and air were injected in such a proportion • 
» that the rcsujt of the two ehailges would be yeither an evolution nor 
anabsorption of heat, a gaseousfuel would 1 k‘ produced having exactly 
tjie heating capaeity of the soliij fuel consumed. Ilut, in practice, 
^wing to the amount of {ic^t lost in radiation, c^c., the vxothermic^ 
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change must be allowed slightly to predominate. The avoidance o{ 
undue evolution of heat in the producer i^ beneficial ui another 
way; it prevents the excessive destruction of the bars of the 
produdfer, which would certainly occur if the steam were not 
introduced. • 

Thus Producer gas, in the modem sense, is f^e product of file 
injection of a mixture of air and steam inf (»a j-oluimi of ineandeseent 
coal, im such proportions that suflieieiit heat is Aolvcd in the action 
to maintain the high teiiiiK’rature of tl*- coliiniii. It consists of a 
mixture of carlxin monoxide and hydrogen, diluted «ith a great deal 
of nitrogeii (introduced with the air), and a little carbon dioxide. 

Various types of gas-producers are used in stishvorks. The 
column of coal, which is u.sually only about .'i fis t dis'p. can be' 
supported upon bars, or upon a “ water-bottom.” In the 
‘‘modern Siemens” jirodiieer (Kig. Ul) the I'oal A rests ui«in a 



Fin. 21.—fSit^icnH prodiic-'r (diitgmiuirmtio). 


system of fire-bars, and is consiinu'd in the eiirrent of air admitted 
through the doors I) and of steam injected iiiiiler some pressure 
through the nozzle J. 'J'he gas formed by the action of air and 
Btcan^uiwii^the ineiwideseent coal pa.ssi's off through the exit jiipe K. 
The ashes produced by the burning of the coal full through the oars 
into the ash-tray, whieji usually contains eooling-watiir, while the 
constantly descending column of coal is continually reiilenishcd by 
fresh coal introduced through the <^arging-hop|x;r 11,• ^ 

^ In the Witter-bottom producers (jj''ig. 23) similar arrangement is ' 
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used, hut tlio column rcHtB not upon bars hut on the floor of the 
shaft, wliicli is closed* hy a water-seal ; th(^ ashes produced by the 
diweendiiiK eolunin fall into th<’ water and pass linger the lower edge 
of the producer into the external trough T, being, in som<f types, 
j)ushed eontinuouijly thr(jugh the water, by means of an Ar^himedian 
s(;rew. Ttu' hea^ieniaining in the ashes is given up to the watet and 
is thus etnidoyed uw-f^diy in the raising of, steam. 

Several nttem))t.s have been made to emidoy in the steel^nrnaco, 
instead of s|K'eialIy prepand producer gas, the wa.ste gases from the 
coke ovens in wjdeh the coke destined for the blast-furnace is 
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prepared.* It is thought tint the design of u’e furnace should be 
slightly modilied if this form of fuel is,to be used.^ 

Arrangement of a Regenerative Gas-fired Furngee.* An 
open-hearth f urnjee is (jiown diagrammatieally. in Figs. 23 and 24. 
The principle of the heat economy is identicai with that described 
in connectioir with the melting of glass (Vol. II, jmge 00). The gas 
fijmi the producer passes in through the regentrntor 11,, filled.with 
a dieekerwork of hot bricks; hen' it ae(piires a high temiieraturo* 
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and thus enters the furnace extremely hnt. At the same time tho 
air required to bum it is blown in through lluwexcnerntor R„ where 
it also is pre-heated. Thus lH)th gas and air cnt(>r the furnace at a 
high tetuperature. On mixing with the air the gas burns, th<‘ llame 
passing o^er the surfacr- of the charge. The prixhu ts of combustion. 
whic|} are naturally very hot, pas.s out at the ither side of tho 
fumaee, partly through the generator 1! j and partly through It,, on 
their way to the stack, thereby serving to heat’ u^ the ebeekerwork in 
these chambers. Wlu n the ehaiubers and H, bav<' IxHamie very 
hot, and the others, 15, and K,, com])aratively cool, the positions of 
the contnjBing valves are altered, and the air and gas jia.ss in through 
Rj and H„ while the hot ju-oducts of eombustion pa.ss out through 
Ri and Rj. In an ordinary ste< 1 furnace this reversid of the valves 
takes place about once in 20- 30 minutes. 



Tt is found be.st to kei'p tin pre.ssure in the furnace at thealmo- 
■^pheric value, a slight positire jire.tsure being maintained in the inlet 
ports, and a sligln negative pre.s8ure ^Hueti(in) on the oiithd side. 
Tho sati.sfactory working .if the furnace deja nds very much on the 
size and fjosition of the jairts. 

A common method of arranging a series of open-hearth furnaces, 
which arc usually built in a long row', is seentrom Fig. 24. The 
furnaces F are built up on a hij^ level, and are charged and con¬ 
trolled by men standing on the platform I’, through the working 
doors D. The gas-producer is .set on a lower level and the gas passes 
through flues to the ri'generator sysiem. The valve- controlling 
the path ot the gas and air through the regi nerator system arb 
usually set below the platform ; they cai^lie actuated by meffps of » ^ 
jever by the man on the platform, who wears dark blue glasses, 
M.C.--VOL. III. . G 
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end i8 able to watch the surface of the slag in the furnace 
without undue incow/enionce. The regenerator system is placed 
below the furnace, and is often separated from it by an air-space. 
The hearth of the furnace slojks down from the front to tBc back, 
when^ the bippi/ig-holc T is situated; when the tapj)ing time 
arrives, the phij^.of the la|)ping-hole can be punctured and the jvhole 
charge of thefurnacc caif be run oil down the gutter C to the Iftdle L, 
a vessel large <'nouffh to take the whole charge. This ladle is set on 
rails and moves over a serioo of moulds Mplaced in the casting-pit A; 
from the ludb^ tlyi steel cun Is; run through a hole in the bottom so 
as to lill in turn all the moulds. Thus the steel is cast fhto ingots. 

The 8ha[)e of the furnace proper is shown in Fig. 23, as viewed 
from the front (platform), and in Fig. 24 as viewed from the side. 
The roof is dome-shaped, or practically level ; in old furnaces, it was 



Flo. 24.--t)pi'a-henrdi iStovl Funiuev imd ('ii.stmg Pit {(’rosH-section), 


made convex, with a view to tleileiling the hot gases dowinvanlv 
on to the charge, hut was?ound to burn away too quickly. The 
lining which forms the bottom of the fiearth is saueer-sha|)ed as 
viewed from the front, sloping gently downwards to the^entre ; as 
has been mentioned, w,}ien regarded from the side, it ba.s a distinct 
slope towards the*back of the furnace. 

The making of this lining is an operation lUH-ding some care. K 
(jii acid lining is required, the corners of the bridoeonstructed^umace 
are usually first filled up with silica bricks, as show n inPig. 23, so as to. 
aid the arcking of the sides ; the hearth is then covered with a thick 
‘laycb of silica sand, distributed so as to give the correct'contour, and 
by gradually heating the furni;ee, the silica is fritted together so as 
to protluce a firm bottom. Iji the making ot a basip hearth thjj 
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process is similar, but magnesite or ilolomite bricks ore used,, 
coverod with a plastic mixture of ealoined magnesite (or dolomite) 
and tar, which is found t o give on baking a good hard heart h. Basic 
materials are, however, too friablcto be used for milking the roof 
of the ftiftiacc, which must generally be nuule*of some kind df 
ailicei^ua firebrick. At the [loints where the silica of the roof comes 
in contact with the basic oxides of the hea.th, there is some danger 
of the two substances interacting, with the prfiduetion of fusible 
basic silicates. This, hoHever, doi>s mi readily occur unless the ' 
silica is pressing heavily on to the basic hearth ; if t he weight of the 
roof is sufijtorted, not upon the basic hearth, but on the external 
brickwork, very little "fritting' will occur. If necessary, the 
silica and the calcined dolomite cun be kept apart by a lajcr of a 
neutral material, such as chromite. 

Raw Materials of the Open-hearth Process (or Siemens 
Process). In addition to pig-iron, the raw materials utilized in tho 
OiK'n-hearth process comprise invariab'y a quantity of scrap-steel; 
one of tho advantages of the open-hearth iirocess is that it offers a 
method of reinelting the seiap, which is now obtained in large 
quantities, into a u.Hefiil form. The pig-iron is often used in the 
form of cold “ pigs,” but if the blast-furnace and steel-furnace are 
close together nuieh fuel is economized by transferring the pig- 
iron from the bt ist f inmee, whilst still molten, into a large gas- 
lired furnace or '■ mixer, ’ where it is kept in the iiiollen state until 
it is reipiired in the steel furnace. Often part of the removal of 
impurities actually takes iil.iec in tho mixer. 

Where "old “pig” is used, the charging of the furnace takes a 
eonsideraiile tium perhaps eight hours if conducted by hand ; how¬ 
ever, it is usually eftrried out in half an hour by a charging machine. 

The charge then takes jierhaps three hoiir.s to nielt eonipletely, 

Ihe pig-iron melts first, and nsuiilly flows mer the sleel-serap, 
^iroteeting it from o-idation ; but a eerlani aniourit of iron oxide 
is ahvays formed on the surface of ttie steel, and, moreo\cr, a 
giKid deal of oxide is introduced with the steel-sernji as “ rust ” and 
“ scale. " Apart from this, a determined ainonnt of iron oxide ore 
(hinmatite) is added in small quantities .so soor, as ;pe'ting is complete. 
W’hatevcr its origin, the iron oxide/juiekly commenees to oxidize the 
mungane.se and silicon of the pig-iron, a .slag of mang.ine.se silicate 
k'ing produced. The oxidation of the carbon also eonimencisi 
vausing a brisk evolution of carbon monoxide giw. The bath is 
thus said to “boil;"’ in fact there would be a danger—if the, ' 
hmmatite were added too quickly—that the bath would boil,over. 

When the oxidation due to the iron .ixid* has subsided, the b./.ling • 
b((Comes less-vigoroi s, but the carboti of thtf metal continues to be 
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• oxidized by the excess of air admitted to the furnace. Probably 
less than half of thiv carbon present is, under average conditions, 
oxidized by the ore or oxide added, the remainder being oxidized 
by the air blown into the furnace.’ Of course tlic metal is^actually 
protecbsl from ylirect contact with the gases paasing fever it, on 
account of thcj, layer of light slag floating on the .surface, bjit the 
oxidation i.s brought about indirectly through the medium of the 
slag. It is considered that iron oxide (or iron .silicate) in,the slag 
acts as oxyg(m-carrier. The ferric compounds oxidize t)ie carbon 
of th(' molten pig-iron, wherever the slag and metal come into 
contact; during the “ boil,” it should be noted, tht surface of 
contact becomes increased, since globules of steel arc carried up by 
the bubbles into the slag above. 'I’lic ferrous compounds produced 
in the slag are then reoxidized by the air, and the action continues 
until most of the carbon has been removed. It is obvious that the 
thickness of the slag layer should not be too great, or this indirect 
oxidation of the impurities by the air will be considerably impeded. 
The presence of an undue amount of slag is also detrimental on 
account of its bad conductivity for heat.- 

Thc |>rocedure of the basic open hearth process is essentially 
similar to that of the iveid open hearth process, but a certain amount 
of lime or limeshme is plaeial on the hearth of the furnace before 
the iron or scrap is chargotl, and further quantities arc introduced 
later along with the additions of iron ore. 

The curves given in Fig. 25 .show the gradual elimination of the 
various foreign impurities from the iron during the ba.sic open- 
hearth proce.ss ; it will be observed that the (qieration occupies 
many hours. 'I'be jiig-iron used in this case is highly phosphatic, 
but it will be noticed that the jihosphorus is g-arlnally eliminated 

especially during the latter part of the operation, 'i’hc phosphoric 
oxide is largely taken up by the limestone of the charge, producing a 
slag rich in calcium phosphate, id practice, however, the basic lintikg 
of the hearth al.so plays»a certain part in tlie dephosiihorization; 
this is to be avoided as much as possible since the fre({uent relining 
of the furnace is highly undesirable. A considerable elimination of 
sulphur often occurs jn the presence of basic slag—but this has long 
hiH'ii ngarded as 4 rather uncertain factor. ] t was formerly thought 
that desulphurization lould only be carried out when there was 
^ manganese in the slag ; but it is now known«that in the presence of 
a slag rich in lime the sulphur passes almost completely into tlie 
slag as cttlcium sulphide. ‘ Limey slags aiv apt to be somewhat 

*.) H. V’luU'lt\N aii<t .V P. UtillitnoutI, J. hon Stnl'Iusi. 99 (lUlU), 109; 
«H|>i rmlly 220. \ 

n‘ F. iron Shrlflnst. 99 (1919), 
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sticky and infusible, but by adding fluorsjwir to the charge the, 
stickiness can bo reduced, and it is possible obtain in the ojhjh- 
hearth furnace siitisfaotory steels from pig-iron containing an 
apprecitfl)le amount of sulphur.' However, de.uilphurir.ation pro¬ 
ceeds be*r under non-oxidizing eoudition.s sueir, as are obtained 
moat faaily in the electric furnace. 

Even in the acid ])roees.s .small additions of litue.stone along with 
the iron ore are often made towards tln^ end rtf the. pro<'e.sa. For if 
the slag should beennu! too siliceous, |here is a danger of the 
reduction of silicon by the carbon or iron ^ of the metal pba,se,and 
silicon will*!igain reap|)ear in the nndal. 

When the foreign impurities are largely eliminated, the reear- 
burizing charge i.s added, h’o, mild steel containing less thali 



FlO. 2.'».—Ht'iiioval of Jm|)untit‘s in tlic Hasi • Opfii-lu'artli IVocosh. 

(*•■5 per cent, of carbon, this may e(,nsist mainly of ferro manganese ; 
the manganese ser\e.s to remove oxyg<Si from the steel --a matter 
which will be considen'd nio.e fully at a later stag!'. Forhigh-earbon 
steels some^extra carbon is needed, and this can bo introduced by 
adding anthracite ; somtdimes carbon is introdneed by throwing in 
a few pigs of jiig-iron before the ferro-mangatii'.sc. After nsair- 
burization, the furnae<‘ is la])i)ed an<l the charge run off into the 
ladle. The lilting ttf the furnace is generally found to require jtateh- 
mg before it is ready for another charge. 

In the basic prtate.ss it is unwise to ria-arburize in the presence of 

^ J. E. iijteail, J.'iron SUtl h\»t. 101 70. • 

• Moat authontu.'fl sjiy that fHrbon will tbo Hilicon.but B. Y.^ oako, 

J^lro7\ Steel 99 (’919), 25.>, >w\h tli^t iron i%tho reducing agent. 
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4'hc slaj;, hwatisc the carhon will cause a reduction of the phosphorus 
in tli(^ slan and that /'lernent will again enter the metallic phasie. 
h'or this reason, the steel is preferably run off liquid from the 
furnace, and then reearhurized in the ladle ; even in the aeiifprocess 
reearhnriziitiiin iq'the ladle has become very common. ‘ ' 

If a “ special steel ” is to be made, i.c. a steel containing aqother 
metal, such as ’nickel. Vanadium, chromium, etc., the metal in 
questiiai, or more freViently an alloy containing the sama (ferro- 
vanadium, ferro-<‘hrome, etr;.), is added along with the recarburizing 
charge. ^ 

An important point to b(; borne in mind in the eon.slTi'eration of 
tbe open-hearth process is the production of a very fluid slag which 
can be brought into good contact with the metal, and which will run 
out entirely with the steel without solidifying on the way, when the 
furnace is tapped. A “ sticky ” sing may arise in the basic process 
if the slag is too limey, or in the acid proce.ss if it is too siliceous. 
().\'ides of manganese anil iron appear to increase fluidity ; the 
aildition of lluorspar as a “ thinner ’’for the slag has already been 
referred to. 

Talbot Process. Many furnaces have been designed which are 
built upon rockers and are thus able to bo tilted up at any time 
during the proeo.ss in order to pour away the metal or the slag, the 
tapping of the furnace being thus rendered unnecessary. The 
jiossibility of pouring olT the slag is of special advantage in the 
basic proce.ss. In geneial when those “ tilting furnaces ” are used, 
the ])roceduro does not differ materially from that described above 
exce|)t in the method by which the finished steel is run out of the 
furnace. The Talbot process, however, differs in many essential 
reapeets from the standard open-hearth pruefice and requires 
sjieeial description. 

111 !' |iroce.ss is carried out in a very large gas-fired tilting furnare 
(holding 21)0 Ions or more), which can be ti'ted into a suitable' 
liosition for pouring off either the slag or the metal, as required 
(see Pig. 26). The ))ig-iron is always intT'oduced in the molten state 
into the furnacb, and practically the whole of the oxidatiivi is carried 
out by the additipnpif ore or some other form of ferric oxide. There 
is little or no oxidation by the gtiaes that heat the furnace. 

The furnace is always basic-lined, and phosphatic pig-iron is 
generally used, lime as well as iron ore being lidded to the charge. 
An essential feature of the process is that the furnace is nevci“ 
emptied. When the pho.spliorua has been eliminated from the 
metal ^n the furnace, the slug is poured off, and the^i ont-third (only) 
•of tb stia'l is tipped ouLinto*the ladle, where the requisite ferro¬ 
manganese is added, ©re andilirae are next a^ded to‘the fumaoa 

' t * 
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and then a fresh charge of molten pig-iron, which is usually poured 
in in two portions. Since the molten metal entering the furnace 
necessarily ha.s to^sink down through the layer of basic slag, a rapid 
eliminiktion of inf|)uritios oeeiirs. Finally the .slag is poured away 
and further ore and lime arc' added in small (piaytitics to linish the 
metal. It is then po.ssihle to pour off one-thircFof the metal, and 
repeat the operation indefinitely. In me-mal wc rking, a 200-ton 
furnace is “ clrawn ” {to the e.xtent of one-thjrd^ every seven hours ; 
the output of these tilting furnaces is thus very great. 

The main advantage of keeping the furnace always at least 
two-thirdj»full is that slag never comes in cmntc.et with the lining 
at the bottom ; in eonsecjuenee the life of the lining is grc'atly 
prolonged, and it is possdile to tinish off the .stc-el with a slag of a 
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/ Platform 


compositionAvhifli would (|uiekly dc'stroj the bottom of an ordinary 
basic furnace. Further, if there happen.s to be any nnc'-xpc'ctcd 
jnerease in the impurities during any one batch of raw materiids, 
it is divided over 'hree dislinet charges and so the final effect is 
rendered les.s serious. 'I'he jmx^e.ss has been used in this country 
with success for .some time, and is being adopted on the Continent,* 
The Talbot process wf)rka best when the raw nfaterial is almost 
exclusively pig-iron. Five per cent, of st el j(;ra|) may be added, 
but th(' additions of large quaidjties of scraj) tend to cool the bath. 
At the end of the war, when scrap was plentiful but pig-iron 
exp'-'i.sive, .*he Tallxit process was temporarily at a disadvantage 
compared with the standard open-hearth prf)eeHa, which works best 
with a scrap addition-of about 20 per cent, 

• 

' F. Schuster, J. Iron iStrel hint. 89 (1914), 51 ; J. I’upne, Stahl%i. Eiaetit 
(1922), 46. » ' I 
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The Bessemer Process. Whilst in the Talbot process the 
flxidation of impurities is wholly brought about by iron oxide, and 
in the open-hearth process it is partly brought a^out by the same 
agency, in the Bessemer process the elirainatiofi of the foreign 
(dements is brougl/t about exclusively t>y forcing air thrsugh or 
over the surface Af the molten jiig-iron. The heat generated in 
the combustion relied ppon to keep the charge hot, no external 
fuel being used. ^ ^ 

At first sight this would appear to be a great economy of fuel, 
but th(! economy is—at lejst in part—illusory ; wIkto iron ore is 
added to the charge, the amount of steel obtained is jnoro than 
(!<(uivalent to the j)ig-iron or scrap metal employed. On the other 
hand, in the Beasemur prf«3(.‘ss, metal is actually lost during the 
ojxiration, being carried out of the furnace by the rush of gases 
passing through the charge. 

A pig-iron eom[)nratively rich in silicon is required for the 
Bessemer process, so ius to provide the nece.ssary heat; and as the 
temiK'rature varies witli the amount of silicon in the raw materials, 
the juoduct is distinctly more variable and les.s reliable than 
that of the open-hearth process, wliich is, moreover, slower and 
much more capable of being (S)ntrolled. In this country, the 
Bc'ssemer process has lost much of its former im|)ortancc, but in 
(Jerinany and America Be.s.semer steel is still largely produced. 
Much of it is subjected to a further rcHning in the electric furnace, 
and thus yields a product of very high quality. 

Where ])03sible, it is customary to use the molten pig-iron coming 
from the blast-furnace without allowing solidification to take place. 
If the bhust-furnace is too far away, the .solid pigs arc remelted— 
usually in a small shaft-furnace or “ cuiiola.”' 

The converter, which is shown in Pig. 27, is constructed with a 
steel shell. It is supiiorted by means of trunnions, so that it can bo 
tilted at will from the normal vertipd po.sition for blowing (1) to th(K 
position for charging (2) or tjie position for pouting out the charge 
(3). One of these trunnions is solid, ami carries the turning gear. 
The other is hollow and serves to convey the blast from the blowing- 
engines to the wind-pipe W, which carries it to the tuyere#. In the 
older form of conw'ii*cr #ho blast is introduoi'd from a blast-box B 
at the bottom of tbe converter, and the air rises through the ’"ctal in 
bubbles. But in the more recent Tropenas converter, tuyeres are 
arranged at the aide, and the blast is forced over the su.face (tf the 
molten metal, preferably betw/>en the surface of the metal and the 

i « 

*Iii the " Stock ■’ oil convertor, the pig-iron is meltoiUin the converter 
iteeU b^^icans of thus cimptitising with the cupola. See D. D. Mac* 

♦Jiifiksl/e*. Imi. 21 (1922),^109. 
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layer of slag that covers it. * The side-blown converter is consideriHl 
to give a product more free from occluded ^ases than the bottoin- 
blown type. . 

Therntiro stem shell is lined internally with a very thick lining. 
Since this has frequently to be renewed, the bvttom of Hlih shell, 
and also the hood, are often made remox able. *The lining in the 
acid proces.s is usually of ganiiisicr (a .sardstom! iound in the coal 
measures) mi.xed with just sufliciciit clay t(^ njakc it plastic. The 


Positionl. Blowing. 




Flu. 27.—Ik'Jifioiner C'<‘/i\ fft« r. 
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lining in the basic process usually consists of calcined dolomiU; 
made pla.ftic by admi.xture with a little wat jr-fna; tar; in some 
works, calcined magnesite (i.c. magnesia) is ii*-'d. The lining is 
worn e-t more quickly in the basic process—where in practice it 
;)lays a considerable part in the (dimination of the phosphorus— 
tha« in thc*acid process. Hut, in cither ctise, the lining requir.s 
•enewal very frequently. 

The procedure of renewing the lining of a converter varief}.8omq,- *" 
what with the form ; in the bottom-blown converter, the Jjottom 

/ • 
‘Compare G. Muntz, Md. Chcffi. (IUI4), 
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i« removed, and the whole is then swung upside down. A mould is 
then inserted in the converter, having the same shape but a smaller 
size than the shell. It is kept clear of the shell by being held up 
at a f(!W points with bricks. The space between the mould and 
the shell has now to b(^ filled with the plastic moist ganniStcr (or 
the (aikiined-dolomUe-tar mixtures, if a basis lining is needed) and 
this is rammed iightly down. When the mould is removed, the 
lining remains, and keppmes quite firm when dried and balked by 
gentle heating. The bottom of tbo bottom-blown typo of 
converter is lined separaUdy.' 

When lined, thd convawter is tilted into the position (#), and the 
charge of molten pig-iron is run in from .i large hullo. The blast is 
then turned on, and the converter is swung into the normal position 
(1); in this [wsition the air is forced in small bubbles through—or 
over th(! surface of the molten metal, and rapidly brings about 
oxidation of tbe foreign ttudals. Let us assume, first of all, that an 
acid lining is iM'ing employed, and accordingly that the pig-iron 
freab'd contains litth' or no phosphorus. The way in which the 
foreign elements are <ixidizcd and removed is shown in I’ig. 28 (A) 
which indicates the eompo.sition of the molten metal in theconverter 
at various times after the eommencenumt of the blow. The most 
easily oxidizable elements are the silicon and mangane.se, and these 
are removed first, much heat being evolved at that stage. The 
oxides of silicon and manganese produced combine together, yielding 
manganese silicate, which forms a readily fusible slag. No gaseous 
oxidation-proiluet is formed at this period, and consequently 
there is practic^ally no flame at the converter mouth; torrents of 
sparks—consisting of drops of molten iron or slag caiTie<l out by the 
air-blast -may, however, be seen to issue from th^' mouth. After 
five minutes or more (as may bo seen from the curve) most of the 
manganese and silicon will have been oxidized away, and the 
elimination of carbon will commence; carbon monoxide will bfr 
iwodueed by the air-blast passing through the iJolten metjd, and a 
flame will appear at the mouth of the confcrter. As far as possible 
the carbon moijoxide should be burnt within the converter, so as 
to conserve the heat, and in order to provide air for the combustion 
of the carbon nufliW.vide, there is .sometimes provided (as in the 
Tropenas cotiverter) an auxiliary se\ of upper tuyeres througi, which 
extra air is forced as soon as the appearance of « flame at the mouth 
inflicates that carbon monoxide is being produced. A’bout lCt-20 
^minutes afte^ the commencement of blowing, the production of 
c«rbon monoxide dies away, and the time has come for ihe addition 

• * Kor«,^''nviU of lining a basiy conrerter, aoe M. Backlievier, Staht u. Eisen^ 
41 (1821), 954, 
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of the deoxidizing and recarburizing charge, consisting of ferro-silicon 
and ferro-manganese ; tlio latter substance^ is usually in powdery 
form, and may b^ flung into the mouth of the converter enclosed in a 
fabric'bag. The blast is continued just long enough to bring about 
thorough mixing, and to make the whole eharge»tlioroughly molten, 




and then the converter is tipped into the j)ouring position (U) and 
the whole molten charge is poured into the ladle, which is cajjable of 
receiving the whole amount of the molten steel; the^slag produce^, 
being lighter than steel floats on tlu! top. Sometimes; ^netal}ic 
aluminium is added to the steel wlylst in the ladle to removi the last 
trace of (jxygen which has survivjed the,deoxidizing aotira of ti^^ 
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silicon and manganese, and which would tend to produce unsound 
ingots or castings. 

The procedure is very similar when a basic-liiled converter is 
used, hut in this ca.sc lime is added to the charge inordcr to ritaove 
phosphorus from the ()ig-iro!i as calcium phosphate. The pAsenco 
of the hash: addifioii -which is favourahio to the formation and 
removal of the acidic oxide«of ])hosphoru.s—is not favourable to*tho 

oxidation of the maiigapesc. Consof)ucntly manganese behayes_ 

virtually--as a h'.ss o.xidizaUc metal in the basic than in the acid 
proce.ss. As a result, carbon is oxidized even at the commencement 
of the “ blow ” (.see'Fig. 28, B), and a flame is produced al«ost from 
the first. After the elimination of carbon has ceased, the ojxiration 
is not stopped, since the phosphorus must still be removed. The 
oxidation of the phosphorus, when once it has begun, is fairly rapid, 
but there is no visible signal to show when the proce.ss is comi)leto ; 
in Uiis res[)cct the basic process differs from the acid prot:e.ss, in 
which the dropping of the flame is a sure indication that the operation 
shiaild be stopped, and it follows that the basin process yields a less 
ui.iform product than the acid |)roeoss. Almost the (inly way of 
finding out when the phosphorus is com{)lctely eliminated is by 
taking out a sample of tiie steel and observing the fracture produced 
m breaking it. A skilled man can gauge from this test the progress 
A the operation. When the phosphorus lias been sutficiently 
•educed, the recarburizing charge may bo added, but—as in the 
aasic open-hearth process—it is unwise to do this whilst the slag is 
n contact with the metal. It is best, therefore, to pour off the 
igbt slag so far as possible from the converter lieforo adding any 
erro-mauganese, or, as an alternative, to add the ferro-manganeso 
;o the metal in the ladle. ^ 

The basic Bessemer process—or “Thomas process,” as it is 
lomotimos called—is still of great importance in the Minette district 
or the treatment of ])ho.sphatic ores. ' 

Agricultural Importancebf Basic Slag. The basic slag both 
rom Bessemer and open-hearth steelworks lb finely ground and used 
IS a fertilizer foivgrasslands. As stated in the section oi^ calcium 
Vol. 11, page 132), the (ierman liasic slag, produced by the Bessemer 
irocess, is more solulifi' in citric aeid^than most of the British (open 
icarth) slag; but it is f boiight that the testing of basic slags by 
ncjins of citric acid does not necessarily afford a cbmplete^ndicaition 
if their value as fertilizers. i 

. It is now established that tile comparatively inert character of 
iji^n-hcJirth slag is due to the addition of fluorspar-jwhich, as has 

, * «• t 

‘ Seeespeciully O. S. Uolyilaoii, Z'raiis. Faradav Soc. 16 (19211. 291. 
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been stated ab^ady, is very common in open-hearth practice.' 
Crystals of a stable fluoride-phosphate of cgloiiim, which is in fact 
identical with j^o natural mineral fluor-apatite (CaF)Cu 4 (P 04 ) 3 , 
are fdund in the slag, and tliLs eomple.v salt is not ([uickly decom- 
IX)sed tftider ordinary agricultural conditions, ^'dthough the pho-s- 
phqfus will be brought into solution if .suliicieu,t time is allowed. 
It iff stated that for use on arable landau the iidth and We.st of 
England, slag containing fluorspar is almosy av good as that without 
fluorspar, because in those ])arts tjie growing season is com¬ 
paratively long ; in the East of England, the slag free from fluoriiu' 
is greatl^to be preferred.- * 

Electrothermal Preparation of Steels. 'I’he elcetth' furnace 
offers certain great advantages in the manufacture of steel. It 
gives a means of heating the material without the introduction of 
gases, and conscfiiicntly makes it possible -when rc(|uired—to 
maintain a high temperature combined with a neutral non-oxidizing 
atmosphere ; thus the elimination of impurities is easily regulated. 
It provides a way of reaching a high tem]a‘rature (pnckly, atid 
accurately controlling the same, and actually a higher Punperature 
is obtainable than is easily jjnKluced in the ordinary furnace. Thus 
it comes about that it is po.ssible to remove, s\dphur very completely 
in the electric furnai;e, whereas the efficient elimination of that most 
objectionable inijfurity is comparatively difficult in the open- 
hearth and lie.ssenu r procc.s.ses ; it must be remembered that, in a 
gas-tired furnace, there is a continual ehanee of the. introdiadion 
of sulphur and other impurities with the gas. 

On the other hand, electric ity is an expensive form of energy, and 
its generation involves an expemsive installation. For this reason 
the eleetricc fiu^iace is comparatively rarely used for tlicc coinplep! 
convei'sion of pig-iron into steel. It is customary to commence the 
elimination of foreign elements by a purely thermal jeroeess, and to 
eonipletcc the, relyiing in the electric furnace For instance, as has 
been already staled, the Bessemer jtroeess does not yield a steel of 
sufficient quality for nicalern reejuirements, and, .somcc years ago, 
steelmakers in all countries appeared to be facial»with the necessity 
of replacing their Bessemer converters »by o])en-hearth furnaces. 
In^J^ country the Be-sscunej- converters have indeed ceased to 
exist at most of the great steelworks. But in countries where 
power is thcap, the change has in part been rendered unnecessary 
by the advent of the electric furnace. By the erection of an electric 
furnace plant, the steel from the Btsscracr convertei; can be further 

* Soo D. A. ftilchrist, aiicl N. Ltiuirt, J. Sot:, ('him 36 (1917). 261 ; 
F. Bainbridtfo, Trans. Faraday Soc. hh (1921), 292. 

* K. .1. 'J^rans. Faraday 6'o^. 16 (1^1), 262, 
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refined in an electric furnace, and the product will have a quality 
equal, or superior to, tjmt produced in the open-hearth process in a 
single operation. Another u.seful function (if the^ electric furnace 
is to treat the steel produced in the oi)en-hearth furnace, and work 
it up into a material of oven higher quality, such as, until fecently, 
could be pro(luce(^ only by the “ crucible process ” (see below) ; in 
fact, the electric furnace tmw afi'ords the cheajK'st means of obtaining 
steel of this superlakiv|f quality. 4 

In this country, the electric furnace is mainly used simply as a 
melting furnace in the production of steel castings. A mixture of 
steel scrap or othftr material which is already of high^uality is 
used, little or no refining being aimed at. It has also proved 
admirably adapted for melting together ordinary steel (usually 
scrap) and hirro-alloys in the preparation of special “ alloy steels.” 
Metals like vanadium which, if added to steel in an open-hearth 
furnace, tend to become oxidized and thus to pass into the slag, can 
safely bo added under the non-oxidizing conditions of the electric 
furnace. During the war, numerous electric furnaces were installed 
at the great industrial centres, the electric steel being used principally 
for bullet-proof plates, aeroplanes, motor-cars, armour-piercing 
shells and shrapnel helmets. Although electric steel is normally 
regarded as a more expensive type than the ordinary open-hearth 
variety, it is stated that, on the Ty>*®—owing to the use of cheap 
electric power rais(!d from coke-oven gases—electric steel can be 
])rodueed at a price which will allow it to compote with ordinary 
steel.* 

Moat of the modern electric stes'l-furnaces are ani-furnaees. As 
a rule, the shell of the furnace is made of steel plates, riveted together, 
the lining being usually basicq eompo.sed of a magnesite or dolomite 
mixture. 'I'lie roof is almost always composed of silica brick. The 
furnaces are usually mounted, like a Talbot furnace, so that they can 
bo tilted to pour out the charg(^. -The E.M.F. employed varies in' 
different cases from about 69 volts to about l'20 volt-s. 

Wo may divide the principal furnacest into two main classes, 
according to whpther use is made of the hearth ivs an^eifective 
electrode or not. It is convenient to refer to the furnaces of these 
two chvsses as beihg of the “ Girod ” and “ Hbroult ” types 
respectively, although it must bo’ understood that manj uiuer 
inventors have designed furnaces belonghig to each class. Thqre is 
also a third class of furnaces, of which the Stassano furnace—much 
« 

% %• r • 

'J. E.‘Btead, J. Iron Strel InM. 101 (1920), 77. For a ([iaeussum of the 
function the cloctrio furnace in steel metallurgy, ace F. A. J. Fitzgerald 
.^nli otheW, Trarnt. Anwr. JClcctrodierr^. Soc. 34 (1918), 121-142; also L. B» 
Lincicinuth, Trans. .Iwnr. Kldtrochernmoc. 37 (1920), 2ftj'. 
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used in Italy—is typical; in this class the current does not pass 
through the metal at all. The metal is heated by an arc passing 
directly between^wo or more electrodes uhich come close together 
just above the metallic surface; this type will not be considered 
further* * , 

In^the H6roult type (Fig. 29) all the electrodys are su.sjM'iuled 



a short distance above the slag layer. The current pa.s.ses, .a.s an are, 
from one electrode to the metal, and tlienee, as another are, to 
another electrode. In small furnaces, where there are two electrode.s 
only, they are eoiineeted to a source of .single-phas<! alternating 
current. 'J’he larger furnaces hav<‘ three <‘leetro<leM, which are 
Connected to thi‘ soui. c of a three-phase alternating current. Since 



most power compivmes and corporations transmit their electrical 
enef^ in the form of three-phas(! current, the easy adaptability fif 
this type of furnace to the thre«-i)hase system is a distinct 
advantage.'^ ' " - ^ 

On the other' hand, in the Girod type (Fig. SOl.thcrois one 
electrode {or a aeries of electrodes) above the slag, but thff hearth ■<> 
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^tsclf constitutes an electrode, being made conducting by the 
introduction of a nuijiber of steel rods S which pass through the 
bottom of the furnace. In the older Girod fulnaces, the upper 
electnxle and the conducting hearth were respectively joined to a 
source of single-phase alternating current. In such a fuvfiace the 
current only trijverses one arc during its path. 

'Jlic Girod typr; as just described is not readily adapted to the 
employment of a tluttjejphasc current. It might be thought possible, 
{Muhaps, by placing two electrodes above the bath, and johiing two 
of the thrco-pha.so conductors to these upper electrodes and the 
third to the heartli, to bring about the desired rc.sult. ^ut a little 
consideration will show that the portion of the current which passes 
between the two upper electrodes will have to ])a.ss two arcs, whilst 
the current which enters by the heartli electrode has only one arc 


Three Phase 
Supply 



Kid. lU. -'I'wo-piiust' Kurniu-f' worktMl from 'niroo-plmao Mfiiii. 

on the path. Tin' variation of the re.sistances in the three possiblik 
paths would mahe the dircot. employment of a'thrce-phase current 
in the ordinary «ay impossible. V'arious means have been adopted 
to overcome tin's dillieulty ; a special transformer has been devised 
which allows an equa^ load to full on all three pha-ses, notwith¬ 
standing the ineljTiality of the resistances.^ Alternatively, by 
means of a transformer based on the so-called “ Scott coiliKCdon ” 
^shown in Fig. 31), it is possible to convert tha three-phase current 
to a two-pha.so current, which is well adapted for use* in a furnacq, 
where the Jiearth acts as One electrode. The Scott coimection, 

'howetl'r, is said to result in a considerabfe loss of eilergy.® 
t . . 

' ff. Ktchi>ll«, Trans. Farmhifi Sor. 14 (1910), 71. 

* K. A. Wiluox, Troff*. Amvr.ilClrctrochttn. ^7 (1920^ 379, 
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A tumace having electrodes both above and below the bath has, 
one advantage, namely, that—owing to cettain electro-magnetic 
forces set up by thifcurrent—^the metal is kept inconstant circulation, 
and thef heat produecsi is consequently distribuU'd throughout the 
steel.* Iftvertheless, possibly owing to the diflicgltics appertaining 
to this type of furnace, which have been roferrq,! to above, the 
majority of the furnaces erected recently apiiear tohave been of the 
Hiiroult tyjKi. I , 

In the Viewer electric furnaces an autopiatic device is often fitted, 
which regulates the distance, between the eh'ctrodes and the molten 
bath, so as ■*> keep the, current normal.^ If no ddtiee of this sort is 
installed, it is necessary to have a man watchhig the ammeter all the 
time, and adjusting the olecthjdes according to the fluctuations of 
current which are occurring incessantly, owing to the consumption 
of the electrodes and other causes. Bad regulation may be a cause 
of much annoyance to the central generating station from w hich the 
power is derived, a.s well as to other customers suiiplied from the 
same source; but increasing e.xperienoe, and the inlrodmhion of 
automatic regulatoi-s and cut-outs, has greatly reduced the troubles 
arising from this cau.se. 

The electrodes are stout rods or blocks of carbon or grajihiU', 
sometimes having a thickness of over '1 feet. They are very rapidly 
consumed and have to be renewed at frequent intervals; the 
manufacture is u.su.uly conducted close to the sh'clw'orks.-’ The 
electrode-holders are cominoiily water-jacketed. In order to be 
able to Use up the old electrode-stiniip taken oil when a nearly 
coihuiiiicd electrode is replaced by a new one, electroiles are now 
made with screw ends, so that the stumps can be .scri'wed on to the 
new electrodes, yreat care must be taken in choosing the dimen¬ 
sions of the electrode needed to carry an}- given current. If they 
are too thick, they will carr} olf, by thermal conduction, much heat 
Jlfom the furnace. If they arc too narrow, the electric re8i.stance is 
great, and much iibit will be devcloi»d in them by the. powerful 
current passing through. In cither ca.se, energy will be wasted. 
Similar consideration applies tp the choice of clcotrodc material. 
Unfortunately just those forms of carbon w^jich conduct electricity 

■ j. 'Uihby, Trann. Fiirjday Soc. 14 (Itlltl), 7tl; c«|)ccially p. SI. 

“DitTcioiit forms this device are ilcscnbcd by \.'. U. Myhus, Trans. 
Ai)u:r,*Kkaruidum. .Sue. 39 (11121), 357. ' 

•* 'riio ingenious " Helf-baking oleetrodo ” Hyateni, in which a pluHtic inixturo 
of coke, anthracite, pitch ^nd tar ranimoa into an iron caHing ih used for ^ 
lengthening tflo electrodes, ami beemiies baked automatically as it descondis 
into the furnace ut which it is to be used, is descrilsal by J, W. RUhards, 
Trans. Amer. Ekrtrochem. Soc. 37 (ltl2Q(, i74. it has licen used in. v-prwayta 
in the manu^|ieturo of ferro-silicon. 

• M.O -VOL. HI. L 
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, best—and so avoid the “ Joule heat-effect ”—also conduct heat 
best, and lead to tlifl greatest escape of heat by conduction. 

Owing to the expenses connected with t^o consumption of 
electrodes, and the possibility of introducing impurities’into the 
steel by means ofrthe electrode, efforts were made some j^ars ago to 
dcveloj) a class of furnaces in which electrodes arc entirely di^onsed 
with. “ Inducrion furnaces as they are called acfou the 
priiKsple of the ordinary static transformer. An alternating current 
is passed through a “ prinpiry ” wire coil and induces an alternating 
current in the secondary coil, which (s)nsists of the molten steel to 
bo treated eontaW'd in an annular channel. Since ffle secondary 
coil consists of many turns of wire, and the primary coil consists of a 
single turn (namely the st(*l in the channel), tin; induced current 
will be stronger than the inducing current. The cuiT(']it prorluced 
in the steel is sufficient to raise the temperature to the point required, 
but th(! fact that the steel has to be contained in an annular channel 
makes refining difticult. T'here are also other objections, and, 
although induction furnaces are still used in Germany and Scan¬ 
dinavia for melting purposes in the manufactuie of steel castings, it 
is unlikely that they will come to have any great importance in the 
refining of steel. 

Nature of the Electro-refining Process. One of the advan¬ 
tages of the electric furnace in steel-reliinng is that there is no 
need to introduce gases iido the furnace. Tn eonseipieuee, all the 

oxidation of impurities is hi.. about by iron oxid<' (ore or mill 

scale) which is added with the charge; air |)lays no [larl in the 
action, and the sh'cl can be obtained free from o.xvgen. Another 
advantage is that sidphur can be alumst eompl(^t<■ly ivmoved from 
the steel; the removal of sulphur—us well as' of oxygen takes 
place, for the most part, after the oxidation is over. Jt is note¬ 
worthy that the electric furnace—in contrast with the open-hearth 
furnace—is rather less successfuf in removing ipho.sphorus than in 
eliminating sulphur.* *’ 

The electrothermal refining process may be divided into two 
stages :— , 

(1) T’ho oxidation 'period, during which silicon, manganese, 

phosphorus and part of,the sulphur are elimirl|^ted ^ 

(2) the deoxidation and denulphurization period. ' 

The charge of steel-scrap, or low-quality steel (or in somes cases 
pig-iron) is fed into the furnace, and at the same time iron-ore ot 
^mill-s^e, tjgethcr with lime, is thrown in^ In many ea-ses the steel 
is int%oduecd in the molten condition ; otherwise it must be melted 

' in th».fumace. An arc-furnuM always behaves rather irregularly 
* C. CJ. Carlisl-j, J. IrJlt,Steel tnut. 102 (f020), - 
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during the melting of the charge, as the contact between the various 
pieces of steel is tinccrtain. Moreover, as tjic mi.sccllancous heiii> 
of steel-scrap mel's, it gradually subsides, and the electrodes have 
to be lowered. It is therefore an ad\antagi' if the raw material 
can be introduced in the molten state. ^ 

As ^on as the molten metal comes in contact v ith the iron ore, 
a violfnt reaction between th(> iron oxide ,.nd (b- foreign elements 
occurs, 'i’he silicon is soon oxidized, a sla,; ttf niangane.se, iron 
and calcium silicates being produee<l. ^'be carbon is also rapidly 
eliminated, carbon monoxide being evolved. Finally, ])hosphoruH 
is also oxidfted, being ab.sorbed by the litne as calcium ])hosi)hate, 
which passes into the .slag. When the oxiilation period is complete, 
the furnace is carefully tilted, .so as to run oti the slag ; for, if the 
slag were left in contact with the metal during the deoxidizing 
period, the phosphorus would be reduced once more ami would 
return to the metallic pha.se. After tij){)ing off the ]ihosj)liate slag, 
a further <)uantity of .slag-forming materials, lime, .sand and fluor¬ 
spar are added ; the calcium silicate jirodueed constitutes a .slag, 
the fluidity of which is increased hy the fluorspai' present. A 
reducing agent, consisting of coke (])refei'ably [(ctroleum coke), 
coal, or even brolom pa-ees of electrode, and in addition ferro silicon 
~ and often ferro-manganese—is at the same time added. First 
the o.xygen, dissolved as ferrous oxide in the iron must be removed 
by leduetiim, oxygen-free steel bi'ing left. 'I'hen sulphur-elimination 
commences. 'I’he sulphur may be regarded as being pre.sent us 
ferrous sulphide di.s.solvi'd in the metal. At very high temperaturi's, 
such as are reached in the I'U'etrie furnace, ferrous sulphide becomes 
comiiar.itively soluble in the slag, and a eeitaiu |iroportiiai passes 
into that phase;,there it reacts with the e.xeess of lone, ferrous 
oxide being produced, 

FciS |-<la()~FeO 1 CaS, 

and the ferrous oxide is quickly reduceJ to the metallic state and is 
thus removed In consequence, more ferrous sulphide passes from 
the metal yito the slag, and is destroyed in its turn f this continues 
until the steel is pruetieally free from sulphii”. When the sulphur- 
elimination is complete, the furnace is tilted ffgain, and the sU'cl 
run out into moulds. 

Sorye disagreement exists as to what is the reducing agent which 
'3 directly responsible for the destruction of the ferrous oxide in 
the slag, and thus indirectly for the elimination of sulphur; it is ^ 
generally felt that the ferro-silicon as such docs not bring aw^t the' 
reduction. It has been stated that calcium carbide is the real ,* 
reducer. H is perfectly true that (Kloiura carbide is formed under 
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.exactly those conditions which are favourable to efficient 
desulphurization—iiawcly, a Jiigh tenii)erature, ^ basic slag, and the 
presence of carbon. But it is not certain whether it plays any 
more than a minor part in the work of desulphurization, ^Jlthough 
its presence in tlw slag may be regarded as a favourable sign that 
the proi)er conditions arc being maintained.* , 

Crucible Steil. It'is sometimes desired to melt together small 
(luantities of high-quality materials, in proportions carfffllly cal¬ 
culated to yield a steel oh a certain composition, under conditions 
which will avoid,the introduction of impurities. If this is the sole 
object, and if there is no desire to “ refine ” the ste(?l during the 
melting, the old crucible furnace is probably still unsurpassed. 
Hero the materials are melted in covered pots of fire-clay or of a 
graphite composition lined with lire-elay, set in a regenerative 
gas-fired fmaiaec;; the heat reaches the .steel through the walls 
of the crucible, and there is no direct access of the gases to the 
metal. Although this is an expensive way of heating the metal, 
it clearly avoids the introduction of impurities, on the one hand, 
and the removal of the oxidizabli! constituents of the mixture on 
the other. The advantages of the furnace as a “ melter ” are the 
same as those of the electric furna(H‘; but whereas an electric 
furnace is greatly to be j)referred where sU'cl castings of any size 
are to be produced, the crucible fiirn.ace is still considered to give 
the most nfiiablc pro(hict where small amounts of ste(,'l of super¬ 
lative quality are requiied, especially the steel used in cutlery and 
small tools. Evmi for these jairposes, it has bei'n asserted by some 
authorities that tin! electric furnace gives as reliable a product, 
but it is probable that the special reliance still placed upon crucible 
steel is justified, because the makers of orueible steel have the 
advantage of 180 years’ experience, whilst the electric furnace has 
only developed within the last fifteen or twenty years. It is qqjte 
possible, however, that in the near future the electric furnace ma^ 
displace the crucible fumade altogether. 

The cruciblq furnace has long been used at Sheffield, for the high- 
carbon steels required both for cutlery and tools. These can be 
prmluced by fusing ‘ puddled iron ” (sec below) with carbon, or 
with pure Swedish pig-iron ; or alternatively by fusitlg jjjjldlcd 
iion to which carbon has been added by cementation (see below). 
Although no refining in the ordinary sense is attempted, it if. usual 

1 to F. T. Sisco, Met. Chtm. Eng.^2b (1022), presence of 

calcium carbide in the slag is highly d(‘sirable because it barings about thorough 
deoxiurttiou the motal—a result uliich ho considers olf at least equal im* 
portaifA- to tliorough (h'sulpliunzfHum ; whilst cnrbkde in the slog favours 
deoxidation of tho metol, (^\ccs.s oH'/ime in the slug ^vours d^sulphurizatw^^. 
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to odd a deoxidizer to the mixture before the steel is poured.. 

The crucible futnace is also employed for the manufacture of 
alloy steels by melting ordinary steel (or its constituents) together 
with a cjilculated quantity of a ferro-alloy. 

** * 

Puddled Iron (Wrought,-Iron)^* 

In the mauufiuiture of steel from pig-iron^ the material is kept 
in a state of fusion throughout the df^'arburization ]>roecss, and 
the steel is run out molten from the furnaee. In tin' puddling 
process a edinparatively cool furnace is used, and as deearburiza- 
tion continues, and tin; melting-point of the metal ri.ses, the iron 
particles bi'come solid, a |ia..sty mixture of metal and slag being 
thus obtained. From this mixture slag can largrdy be pressed 
out from the inc'tal by means of a powerful hammer, or by some 
other squeezing device, and a soft highly-malleahle metal is left, 
still containing some slag, and jxis.scssing a fdirous structure ; 
this is known as wrought or puddled iron. The earbon-conb'ut 
is always low, but not necessarily lower thaii that of modern dead- 
mild steel. In fact, it is possible to convert wrought-iron into 
dead-mild .sle('l merely by melting the fortner. TIk; essential differ- 
enees between the two materials are ddferences of structure. 

Wrought-iron was at one time a material of the greatest im|)or- 
tanee. being n.-.ed tor a great nundjer of j)urj)0.s<'8 to which mild 
steel is now ap))lied. Moreover, in the old days wrought-iron was 
the material from uhieh steel itself was always made. At that 
time, uhen very high temperatures were' less easily obtained than 
is now the case, .steel (cu' “ fusible strong-iron ’’) of necessity con¬ 
tained more carb*ji than vvTought-iron (“infusible strong-iron”), 
and was made from the latter by reearburization ; it follows, 
therefore, that steel was more I'xj'ensive than urought-iron. With 
tlie introduction qf the Bessemer and open-hearth processes, in 
which steel is prepared din-etly frort) pig-iron in one ojKTation, 
steel became cheaper than WTought-iron ; and, since the new form 
of low-earbon steel (“mild steel ”), the production of which was 
made possible by those processes, was found to be suitable for many 
of the purposes previously fulfilled by wrouf^t-iron. the impor¬ 
tance of OTought-iron has gradually dwindled, until now the amount 
manufactured-~co/fiparcd to the output of steel—is inconsiderabh;. 
Many authorities are of the opinion that the manufacture will 
practically cease in the near future; this prediction, howeverj, 
has been made piore than once in this last forty years, ijpt the 
prophets have been proved to be ^ong. ' '» 

, The “ puddling process is conducted in a small reverberatory 
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lumaco (Fig. 32), tho hearth H of which is heated by flames 
from the grate G. Tlie furnace is provided ■]^th an adequate 
working-door at tho side througli which the mass on the hearth 
can bo stirred or “puddled.” A “fettling” of iron-orejor scale 
is placed on tho iRarth, together with a certain amount of scrap 
iron which soon 4)ecoine8 oxidized ; as soon as the furnace ui hot, 
broken “ pigs ” oi the jtig-iron to bo treated are thrown in.' The 
bnnjK'ratiirc! of thediq-naco is suflicient to melt the pig-irofi, and, 
when fusion is complete, the whole charge is stirred up by tho work¬ 
man with a rahhl(| insei ted through the side-door. This operation 
brings the oxide into intimate contact with the iron, aiuf tho various 
foreign elements (carbon, manganese and silicon) are readily 
o.xidized, the o.vide being at the same time reduced to the metallic 



stale; a great evolution of carbon monoxide occurs, causing the 
mass to .swell up, and a certain amount of slag (manganese silicate, 
ot(^) is formed. As tlu^ iron becomes purer, i-tho melting-point 
is raised, and limdly, as stirring continue.s, it becomes apparent 
that the metal is no longer li(pnd, the mass consisting of a stiff 
pasty mixture of iron particles and slag. This is worked into*' 
“ balls,” each weighing i)eriiap.s 80 lb., and the balls arc then 
lifted, one by ope, from the furnace on the end of a long rod, and 
transferred to tho steam-hammer, where they are h.ammered hot, 
an o])eration whieh^,nr( sses out the superfluous slag and squeezes 
together the iron particles ; finally the metal is rolled yjto J)ars 
and allowed to cool. It still contains a certain amount of slag 
(Hj> to 2 per cent.). ‘ , 

The stirring, balling and transferring of the stiff pasty iron from" 
furnjicp (iemands a combination of strength, .skill and ondiuance 
which I’s not usually to be found among workmen, and the work 
"Is natua'lly one of the most hkchly-paid kinds of manual labour. 
Many attempts have been ma«c to devise mechanicai puddlers.r 
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but most of thorn have not mot with any very great success. ‘ 
Lately a new m^'olianioal )>ud(Uing i>roces.s has boon put into* 
operation in Ainoi'ioa. which is stated to give groat satisfaction.® 

The iflanufacturo of wrouglit-iron in.tlio puddling furnace usually 
occui)ies*lhss than two hours. It may sooin ourious that the pro¬ 
cess should proceed more quickly than the similar opi'iution of 
oxidizitig away the impurities of pig-ii-on, as oonduolod in the oj)cn- 
hearth furnace, seeing that in the latter ra.se a higher tenqjerature 
is used, HO as to maintain eomplete fusion. Jn the open-hearth 
process, however, the molten metal heeomes eoveri'd \Nith a layer 
of slag, and^he last part of the oxidation is brorght about by the 
air, acting, indirectly, through the slag-layer. In the jiuddling 
process, on the other hand, almost tin' whoh; of the oxidation Is 
brought about by the iron oxide of the fettling, ahieh is stirred 
into inti?nate contact with the metal. 

Owing to the small .si/,e of the furnace, which is <lesigned only 
to take a charge with which a single man can deal, the heat losses 
are. unduly great. Various metlnxls of economizing fuel liave la'cn 
suggested 'I'he use of liquid pig-iron, direct from the bla.sl- 
fiirnace, or even pig-iron mi'llcd in a, cupola, would re.sult in a 
reduction of the coal lull ' 

The special virtue of pmldlcd iron a)>pear.s to be due to its fibrous 
character. 'I'he r.ieclianical treatment causes all the slag particles 
to become elong.ded into threads in the ilirectioii of rolling. Thus, 
in a bar or rod of puddled iron, all the most probable planes of 
xveakness lie in one direction parallel to the length of the bar, in 
which direction fracture is exceedingly inqirobable. Thus certain 
kinds of vibration and of continued shock are resi.sted better by 
puddled iron thai^by steel, although the latter is superior in tensile 
strength. Con.se((ucntly. whilst some authorities legard the puddled 
iron industry as c.ssentially wasteiul and therefore doomed, others 
•predict a revival of the demand for this material for certain con¬ 
structional inirpo.scs where vibrations have to be resisted.'' Its 
malleability, the ease with which it is welded, and a remarkable free¬ 
dom from lilow-hnles, are other valuable properties. • Kor the shrxiing 
of horses, and for smith's work generally, it is probably unequalled. 

In the manufacture of chains and hooks, pwldled iron is greatly 
to be preferred to steel. An iron hook, if overloarled, will, as a 
rule,^gradually staaighten out and thus will give warning before it 

* C. H. Deach, J, West ScotUind Iron .S7c.7 Inst. 25 (1918), lO"); Iron Coal 
Trades Rev. V8 (1019), 191. 

* E. C. Kreutzbt^rg, JronTradc Rev. 71 (1922),305. 

«J. E. Flotchor, Engmecrijuf, 108 U919), 804, 836. 

* (). G. I^berte, Kkctnc Railway J. n9 (1917), 484. 
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fails ; a steel hook will often snap unexpectedly if used to support 
an excessive load. 

Ferro-Alloys * «• 

Alloys of iron with elements like silicon, manganese, chromium, 
tungsten, molyljjlcnum and vanadium—in most cases containing 
carbon also- - arc ^produged on a largo scale, since an alloy of this 
kind constitutes a convenient material for the introduction, of the 
special clement into dteel. 

In general, foiTO-alloys arc prepared by heating a mixture of 
oxides (containing!the metal in question and also iron) with carbon, 
coke, or anthracite in the electric furnace; the use of the electric 
furnace readily gives the tcmpccraturc needed for the reduction 
and for the fusion of the alloy, and, at the same time, avoids risk 
of the removal of- the more precious element (which is in each 
case readily oxidized) into the slag. For the manufacture of ferro¬ 
manganese, however, the electric furnace, although used .success¬ 
fully in America,^ is perhaps rather less suitable on account of 
the volatility of manganese at high temperatures. In this country, 
ferro-mangane.se. is generally manufactured in a blast-furnace, 
similar to that used for making ])ig-iron. In many llritish furnaces 
the chargi! consists of Indian manganese ore (containing both 
manganese and iron), dolomite and coke. Much manganese is 
lost in the slag, and no doubt much more is carried away by the 
furnace gases.’ Alloys of various compositions are made, those 
rich in manganese (70-80 per cent.) being called ferro-manganese, 
whilst those with comjmratively little manganese (10-20 per cent., 
for instance) are known as spiegel-eisen. 

In most other cases, foiTO-alloys are manufac^red by reducing 
the mixed oxides with coke or anthracite in an electric furnace. 
Wherever possible, the alloys are poured out from the furnace 
molten. But in the case of ferro-tungsten and ferro-molyb-» 
denum, the melting-point is fxtremely high ; and where the alloys 
are only made in fairly small quantities their heat capacity is 
usually too small to allow them to be run out liquid. I| is there¬ 
fore necessary to empjoy an intermittent process, the furnace 
being allowed to cool down after each melt, and the solid.contents 
being broken up. This applies especially to the richer ^ades of 
forro-tungsten and ferro-molybdenum, and involves the use of 

' F, J. Tone, Trann, Amer, EUHrochem. Soc. 29 (1916), 66; C. B. Gibson, * 
Tmna. Amer. Ekctrochem. Snc. 37 (1920), 226 ; lb Peilo, J. Soc. Ohem. Ind. 
36 (1917), lh>; R. J. Amlorson, Trana. Amer. Electrochcm. Soc. 3V (1920), 266. 

* R. Ms Kconoy nn(l ,1. I.ener(.on, Jl/tn. Mr/. 170 (1921), 3(1: E. S. Bardwell, 
Ekctrochcm. Soc. 38 (1820), 333. 

• >P. M. T.der, Iron. Age, 106 (192(), 711. 
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what the Americans call a “ knock-down furnace,” part of the walls 
being dismantled ^nd rebuilt between each heat. 'It is stated that 
ferro-molybdenum with 55 per cent, of molybdenum i.s produced 
in America in a tapping furnace, but for ferro-tungsten the knock¬ 
down tj^o is still needed.* In the nmnufiictuje of ferro-molyb- 
denuiy a mixture of sulphide ore, lime and coke is generally used 
instead of oxiebzed ore, owing to the volatility of the oxide ; the 
sulphue in the product can be kept as low as ,01 per cent. 

Ferro-silicon is made on a very big scale, the grades low in 
silicon being produced in the blast-furnace, and lho.se rich in silicon 
in the electric furnace. Commercial ferro-.silieon usually contains 
a phosphide of iron, and when exposed to damp air gradually gives 
off the jioisonous gas, phosphine, a fact which has led to several 
fatalities, especially on ships carrying the material. In consc- 
(luence, it was at one time forbidden to carry ferro-silicon on 
British pas,senger ships. Pure ferro-silieon, which is now made at 
Niagara, is not a ilangerous sulistance.- Alloys containing iron, 
manganese and silicon, known as ” silico-inanganese ” .and “ silico- 
spiegol,” are also manufactured. 

Ferro-chromiutn and ferro-vanadium are made largidy in 
the electric furnace. To meet the icijuirements of the steelmakers, 
a ferro-vanadium low in carbon is desired, and in the manufacture 
of this alloy, silicon is often u.sed as a reducing agent in the place 
of carbon. In adilit.ioii, much ferro-vanadium is made by a 
modified “ thermite process,” aluminium being em]iloyed as the 
reducing agent. 


Electrolytic Iron 

•» 

The purest form of commercial iron is obtained by the electro¬ 
lysis of an aqueous solution of a .salt, such as ferrous chloride or 
Cirrous sulphate. The hydriow eoncent ration of the solution 
employed must be regulated carefully If the bath is absolutely 
neutral, there may be a danger of the deposition of oxide along 
with the i(on. But if the bath is strongly acid, tt#re will be much 
waste of current through evolution of hydrogen, and in addition 
“ pitting ” of the deposit is likely to occur.** Pitting is mainly 
caused by the adhesion of hydrogen bubbles to the surface of the 
cathode ; whore » bubble is resting on the siirfiuie, no deposition 
can take place, and a dei>res.sion in the dejsisit will be the result. 

*R. M. Kecnoy, Bull. Amer. Inst. Min. Eng. 140 (1018), is21. 

“ C. E. Pellew, ‘J. Sac. Chnn. Iml. 33 (1914), 774. The rtiHnufiftjtiiro of 
pure ferro-silicon in Anierica is descr^x'd Ijy F. A. Haven, 7'n'v<i. 

^ JSJfecfrocArnj.^Soc. 37 (1920), 329. ' , 
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Jl Ih found that the addition of much acid to the bath results in 
a eomplcto change in the structure of the deposit; instead of 
consisting of the normal V-shaj)ed crystals, the deposit obtained 
from a strongly acid bath has usually a fibrous character.* 

The current eliijioncy of iron-deposition is apt to bo Tery low 
unless the right (jonditions are observed. If, for instance, the bath 
is strongly acid a\jd the •current density low, practically the 'whole 
of the (iurrent may, be employed in the production of hydrogen, 
sitice the evolution of Ihat^as actually demands a smaller depres¬ 
sion of the cathode potential than is needed for the production of 
iron. However, tin increase in the current density "(which will 
involve a greater depression of the cathode potential), a decrease 
in the acidity and an increase in tln^ bath temperaturo all favour 
the production of metal as o])poscd to t he production of hydrogen, 
and under suitable conditions a cuixent eJIicicncy of over 95 per 
cent, shoidd easily be realized. 

A process - whiith is used in .America consists e.sscntially of the 
electrolysis of a cold solution of ferrous sulphate and ferrous chloride 
containing ammonium sulphate; it is stated that ammonium 
oxalate is also added. The anodi's consist of bars of mild steel, 
usually made by the basic open-hearth ])ro(a,‘Ss ; t he cathodes are 
thin sheets of electrolytic iron previously iirepared. Deposition is 
continued until the iron is about 1 in. thick, and then the cathode 
is replaced. 

In a (Icrman process, which has been used for some years, a 
bath consisting of a hot concentrated solution of ferrous chloride 
and calcium chloride is said to be employed. A French process 
lias bei'n developed in which iron oxide is periodically added to the 
bath ; the addition probably serves to prevent ijj^due acidity. In 
this process it is possible to obtain iron tubes directly' by deposition 
U])on a long revolving mandrel, the deposit obtained being both 
compact and smooth.^ • ^ *•» 

Electrolyti(! iron as it leavos the bath contains much hydrogen, 
and is generally brittle. If the material is annealed at 500-000° C., 
the hydrogen isAlriven off, and the jron becomes ductile^and won¬ 
derfully soft. Indeed, plectrolytie iron was used by the Germans 
during the war in tife place of copper for shell bands.^ , 

^'Jectrolytic iron is likely to come into use as a raw Inaterial 
for making high-ipiality' steels by melting in * crucible furnace 

* W. E. Iluglaw, J. Iron Sled Ind. 101 (1920), 322 ; Ekctrician 85 (1920), - 
^30; Trans. Earaday Soc. 17 (19k2^ 442. , 

• * O. W. Slon'y, Trans. Aincr. Electrochem. Soc. 25 (19I4J. 489 ; 29 (1916), 
387. • , * 

L. Owllet, .7. Iron SUrl Inst. 90|'I914), 60. 

*11. L. Mond, Trans. Faraday So4 15 (1920), iii, 1^9. 
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or electric furnace ; the total impurities (excluding hydrogen) are 
usually only aboi^t 0-03-004 per cent. The sheets are highly 
suitable for “ stamping,” whilst the ductility of the material 
(which Vill “ yield ” to a stress instread of fracturing), gives a 
considcnJhle value to electrolytic iron tidjcs. Electrolytic iron is 
also lijicly to be of value for electro-magnetic puvposi's, although 
its rather high electrical conductivity somewha^ restricis its use 
for alternating-current work. Silicon iron, which has a lower 
conductivity, is generally preferred for the cores of electro-inagneth! 
machinery, since its use involves less risk of tin' loss of energy 
through the*production of “ eddy currents.” Oood results have 
been obtained uith the use of eore.s built up of very thin lamina; 
of electrolytic iron, insulated from otu' another, a device whicdi 
i-educes to a mininumi the production of edily currents; but the 
use of very thin laminations is somewhat extravagant of space.* 
Electrolytic dc'posits of iron have, long been used for the facing 
of electrotypes. During the war, local elcetro-dc'position of iron 
became quite common for the “ building up ” of portions of steel 
mechanism which had become worn by use, and which otherwise 
would have been thrown away. Likewise, entirely new parts 
which had accidentally been inachinol a few Ibousandths of an 
inch loo low could be saved from the scrap heap by tlu' clcclro- 
deposition of (be tu'cc.s.sary tbickni-ss of iron.* 

> 1C riimilii-li, „ /Covn, 41 (lic'l), l:!tl) 

* W, A. .Macliiyit'ii, I'arniltvj Sor. 15 (I'.l-U), ni, US. 
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'I’liB Stkuctuuk and Properties of Iron and Steel.' 

Before it in [Ki.-i-siWe to understand the properties an3^ uses of 
tlio different foimis of iron and steel, as wadi as the change* pro¬ 
duced by differenj kind* of heat treatriKuit, it is necessary to have 
sonii^ knowledge of,the ecpiilibriuni diagram of iron-carbon*alloys. 

Allotropy of Pure Ir«n. The eooling-curve of pure iron ha.s 
aliaaidy been discus.sed in Chapter III (Vol, 1). Whenjiure molten 
iron is allowed to radiate away heat at a uniform rate in a slowly 
cooling furnace, the fall of temperaturi^ is “ arrested ” at three 
points, namely, at I ,r).‘i() (I., a little below 898° C. and about 
708° C. Of these, the highest arrest (at 1,.')3()'’C.) corresponds to 
the melting-point of iron, and is due to the heat evolved in the 
solidilication of the metal. The next arrest, known as A,, which 
oecurs at or ladow 898" C , eorresi«inds to a delinite allotropic 
change in tlu^ iron, and is accompanied by a marked alteration in 
the crystalline stnudure The arre.st about 7I)H°(1., know'n as Aj, 
is not accompani(;d by an alb'ration of structure,- but is aecom- 
])anicd by the appearaius^ of ferro-magnetic pro])erties in the iron. 
This ehangi! ai)pears to be essentially different from ordinary 
allotropic changes (sucdi as the A, change), in that it is really a 
gradual change spread over a considerable range* of temiH’rature. 
The apjK'aranec of magnetism is likewise gradual. Eerro-magnotic 
jnoperties cfunmenee to appear at about 7t)0° C., but become 
graelually mon* niaiked as the temiierature falls through the range 
790°-70()°.''' The appearance of ferro-magnetism at Aj is aecom- 
panie<l by a slight change in other jdiysical ])»f>perties, namely, 
the coefficient of ex])ansion, electric resistance and sjK'citic heat.'* 

* C. A. Fidwanltd, *‘Tlio rhysiuo-chcjnical VropertioH of Steel” (Gnflin)*^ 
W. KoHonludii. ‘‘Introduction to I’liywienl Metallurgj*” (Constable); A. 
Suuveiir, ‘‘ Mobillograpliy and FIAit Treatnmnt of Iron find Stool ” (Saiivour 
& Boylston); W. H. Hatlield, ” (’astiron in the Lijiht of Hecont Ucsearcli ” 
(Griflin); .H, M. H'lvve, ” Metallography of Sleel and Caat Iron ” (Medruw- 
Hill). ‘ • 

2J. K. Stoafl find H. 0. il. (‘arpinitor, ./. Iron SU'cl Inst. 88 (1013), 110; 
]). Kwon, Int. Zrit.wh. Mil. 6 (1014), I. Conlinned by H. S. Rawdpn and H. 
Scott, Met. ('hem. Eng. 22 (1020). 787. • 

llonda, J. Iron Steel Inst. 91 (lOIo), 100. 

*Tho view has boon expressed tliat it is really tho cllKnge ii\ speeifiqjhoat 
wffich cauaoa tho apparent arrest at A, on coolmg-ourvos anfl hVating-ciirvoa, ^ 
and that there is no true absorption or evolution of lieat. It is certainly a 
^oct that in pujo gas-freo iron tho arrest at Aj is tjpieh less marjked than was 
ai ono time sflpiiosed. (Soo H. C. H. Carpenter, J. Iron St^el Inst. 87 (1913), 
316.) l^ioro ai^iears, however, to bo good evidence for a real heat-effect 
!Jl\oae interested should con|jlt A. McCanco, J. Iron Steel Inst. 89 
(1914), 225, and also F. C.'riioinpsonfrmns. Faraday S^c. 11 (11416-16), 134. 
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W. KoHonludii. ‘‘Introduction to I’liywienl Metallurgj*” (Constable); A. 
Suuveiir, ‘‘ Mobillograpliy and FIAit Treatnmnt of Iron find Stool ” (Saiivour 
& Boylston); W. H. Hatlield, ” (’astiron in the Lijiht of Hecont Ucsearcli ” 
(Griflin); .H, M. H'lvve, ” Metallography of Sleel and Caat Iron ” (Medruw- 
Hill). ‘ • 

2J. K. Stoafl find H. 0. il. (‘arpinitor, ./. Iron SU'cl Inst. 88 (1013), 110; 
]). Kwon, Int. Zrit.wh. Mil. 6 (1014), I. Conlinned by H. S. Rawdpn and H. 
Scott, Met. ('hem. Eng. 22 (1020). 787. • 

llonda, J. Iron Steel Inst. 91 (lOIo), 100. 

*Tho view has boon expressed tliat it is really tho cllKnge ii\ speeifiqjhoat 
wffich cauaoa tho apparent arrest at A, on coolmg-ourvos anfl hVating-ciirvoa, ^ 
and that there is no true absorption or evolution of lieat. It is certainly a 
^oct that in pujo gas-freo iron tho arrest at Aj is tjpieh less marjked than was 
ai ono time sflpiiosed. (Soo H. C. H. Carpenter, J. Iron St^el Inst. 87 (1913), 
316.) l^ioro ai^iears, however, to bo good evidence for a real heat-effect 
!Jl\oae interested should con|jlt A. McCanco, J. Iron Steel Inst. 89 
(1914), 225, and also F. C.'riioinpsonfrmns. Faraday S^c. 11 (11416-16), 134. 
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But all these physical changes are also gradual, being distributed 
over a range of temperature, and cannot be concentrated at a single 
point, as in the case of a proper allotropio change.* 

Anotlier striking difference between the changes at Aj and A 3 
respecti^ly is that wliilst, in pure iron, tln^ niaxinium heat- 
effect, accompanying the Aj change occurs practically at tin' 
same’teiuperaturc on a heating-curve as on a cooling-curve, 
this is»not the case with the A, change. The arrest-jioint Ac, 
invariabfy lies above Ai'j and the diitercnee between Ac,, an<l 
Arj becomes more pronounced as the ratt' of healing or cooling is 
increased.- • 

For such reasons, it is considered hy most of those who have 
studied the subject that the Aj change slK>uld not be, regarded Us 
an allotropie transformation at all. Then^ has been a considerable 
amount of controversy u])on this point, eontroviTsv caused, for the 
most ])art, by the absence of any aeeejUed definition of the word 
“ allotropie.” Those who juefer to regard the form of iron existing 
between A. and Aj as a separate niodilleation. ajiply the name 
/)-iron to it : but most metalhigraphists now u.se the name «-iron to 
include iron (wliether magnetic or non-magiu'tic) at all fein|ieratures 
ladow A 3 ; the naine y-iron is applied to tlie form existing above 
A 3 . Some writ^'i's use the word "ferrite" as synonymous with 
u-iron. 

A recent study ol the crystal strueture of iron at different tem¬ 
peratures by means of the X-rays supjsirts the view that, the so- 
called /7-iron is er\stallographically identical with u-iron. In both 
«- anil /?-iron the atoms are arranged on a body-centred cubic 
spaee-l.ittice, but in y-iron they arc a.rranged upon a face-centred 
cubic lattice.-' t^is interesting to lind that, at teinja-ratures above 
l,^(M)“f;., iron reverts to the body-centred cubic lattice, which was 
present in a-iron,' and to iron at temperatures above 1,400“ C., 
•the name (5-iron is applied. The transformation between y-iron 
and ( 5 -iron can be detected bj' meaufi of cooling-curves or heating- 
curves,^ but, is more clearly indicated by a sudden break in the 
curve coipiecting paramagnetism with temjieraturt the change, is 
known as Aj. We can tabulate the sta^-s and changes of )iure 
iron incite manner shown in the table on the next page. 

1 C. UonecUcke, Jp hon Strd Ind. 89 (1914), 407. 

*6. K. BAgfbss nnd J. J. (’rowc, Tranfi. Amcr. hist. Mtn. Kng. 47 

• fi«5. 

® A. Woaticrf'n, J. Irui^ Inst. 10 J (1921), 309. 

* A. Wcstgrcn and (i. I'hragnion, J. Iron Stiul Inst. 105 (i,.22), 241. 

® H. Rut'i* aud*R Klespcr. I'erritm 11 (1914), 257. • 

® P. Weiss and G. Foex, J. Phyn. 1^(1911), 746. 
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Temperature Region. 

Name of Form. 

Space Lattice. 

Between melting-point (1,530° 

d-iron 

Body-contr8d cube 

C.)andA^ (about 1,400° C.) 


✓ 

Between A^ urRl A* (about 
900° C.) ^ t 

y-iron 

Face-centred* cube 

Between mul (7tij^° C.) 

« 

< 

Non-rnagnotio a-iron 
(HonieliiiKiS called 
^-iron) 

• 

Body-cervtred cube 

— » — - 

Betwfien A.^ niul ordinary 
b'liipeiutures 

Magnetic u-iron 

Body-controd culx) 


Before leaviii/r th(! siil)jeet of file tnui.sformatioiiH iti iron, it may 
be useful to tabulate two other transformations to which definite 
symbols have been assigned, althougb they are oidy found in alloys 
of iron with carbon, not in the pure metal. 'These are:— 

A„ the “ fK'arlito-eutcctoid ” change in steels, which will be 
repeatedly refened to in the succeeding paragrajdis. 

A„, a gradual magnetic, change in cemcntitc (Fi^jC). It occurs 
in the neighbourhood of 2(K)'’C., but, like A,, is distributed 
over an appreciable range of temperatures.’ The transforma¬ 
tion is accompanied by a change in the cl<‘ctrieal re.si.stance,“ 
and no do\d)t in otbci' properties , but it has no great (wat-tical 
importanecu 

Equilibrium Diaffratn of Iron-Carbon Alloys ’ (see Fig. 33). 
Pure iron melts at l,r)3() '(t ; that is to say, ])ur(^ solid iron is in 
equilibrium with pure liipiid iron at that tem]_)(*rature (point C). 
But carbon is quite solnbhi both in liquid iron and also (at high 
temperatures) in solid iron, and the. melting-])oint is lowered by 
the presence of this impm'ity; Bu^ lowering ii^ indicated by th(f 
« 

* K. Homla, Iron Steel Inst. 98 (1918), 375. 

* 1. Tdholcn I'nir. 7 (1918), 107. 

*Koi* tlio flctonnmatiou of tho equilibriam diagram, see H. C.*H. Carpen¬ 
ter and B. K. E. Keeling, /. Iron Steel Inst. b6{\Q04), 224. Ao«‘rfcainaltem- 
tion in tho solidus curw has been proposed by N. Gutowsky, 1th Jnt. Cong. 
App. ('he.m. (1909), Sect. IIIa, j). 49, further details being given byisF. Wiiat, 
Zeita^\. yjlektrochem. 15 (1909), 6fi5. A modification of tho curve bounding 
tho comontito area i.s proposed by W. N. Tschischewskj* and N. Schulgrin, 
J'^iron Steel Inst. 95 (1917). 189. Tho lines showing tlie “iuihle.” oquili*^ 
brium (bctwi’on graphite ami other phases)-—as oppo.sed to tho " metastable " 
equihbi-min (between cementito ^d other phases)—are mainly due to R. 
huer and NAtgin, Metallurgic, 8 (1911), 97 ; R. Ruer and J. Biren, Zeitsch. 
Anorg. ^hem. 113 (1920), 98; R. Itucr, Zeitsch. Anonj. XVtem. 117 (1921), 
SiHA^ilso It. Ruer and F. Gonfcns, Fprrwm, 13 (1917), 1; 14 (1917), 
101 . " . , 
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liquidus cvirve CB and the solidus curve CD. For instance, molten 
iron containing 3 per cent, of carbon can be cooh'd k> about 1,260° C! 
before solidification can commence ; at that tenqK-rature, the curve 
CB is fiitersected, and the separation of iron can take place, but 
this iroi^vill contain a certain amount of carhop in solid solution. 
A solution of carbon in solid y-iron is calleil austenite.' The 



Fia. 33.—The SyHtc'iu Iroa-C’urboii (fouiidcfl on rcsultss of work hy Carpenter, 
Keeling, (iutounky, 'J Inschewaky, .Stbulgrin, lluiT, lljin, Biri'n, (joereiw, 
and others). 

• 

composition of the austiaiite which will at amy given temperature be 
in equililpium with litpiid of the composition siiowai by the liipiidus 

I Many autlioriti«D define ausWnite as a solid solution of comentito (FcaC) 
in 7 -iVon. Oi.r knowI<'«lgt) of crystal•structuri' foundinl on tho X-ray study 
*of crystals renders it, howeviT, liighly iinpndiable that F<»jC rooloculee 
have any independent existeneo in aust6mt<*. Slmj Z. JelTrios and K. S. 
Archer, Mei. tjhem. Eng. 24 (1921), 1057 ; 26 (1922), 249. I^Owevor, sine/ 
austemt’e often deposits ceraentito, and rarely dcjiosits free carl4n. it is 
sometimes convenient to refer to it loosrly us a “solution of (■c»|‘ontit/<^.'^ 
7 -iron.” 
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curve CB is indicated by the solidus curve CD. It will be noticed 
'that a molten ifon containing 3 jKjr cent, of ca/bon will, when it 
commences to solidify, deposit a solid austenite with about 0-7 per 
cent, of carbon. As solidilioation proceeds and the temJ)eraturo 
falls, the liquicl b(«omes richer and richer in carbon ; th(^ariation 
of compositionthe liquid and of tho s(jlid (austenite) in equi¬ 
librium with it is sho\^n by the curves CB and CD. * 

If tho molten iron contains less than 2 per cent, of carbon, it 
may solidify entirely* to aiustenite. For instance, an'Iron with 
I |)er cent, of carbon will’commence to deposit austenite at about 
1,4.')0“ C.; the aijstenite first deposited will contain about 0-2 per 
cent, carbon. As the temperature falls, the liquid becomes gradually 
more rich in carbon and the concentration of carbon in the austenite 
will grow also until finally, at about 1,180“ C., tho solid phase con¬ 
tains as much carbon as the original liquid. In other words, the 
whole has solidified as a solid solution, which—if the cooling has 
b(!en sufliciently slow—will be perfectly uniform. 

But if tlu^ molt(m iron contains more than 2 per eent. of carbon, 
another pha.se will appear before it is wholly solid’. If tho cooling 
is very slow, graphite (the solubility curve of which is represented 
by the dotted liiu! B'A') may perhaps be formed. But if the 
cooling is moderately ((iiiek, a white, hard erystallinc carbide, 
known as ccmcntitc (Fe;,!'), will be the form in which tlu! carbon 
will .separate out; tho solubility cui've of eementite (which is 
not, known with any accuratiy) is represented by tho curve BA. 
Although eementite is actually metasfable to graphite, yet tho 
.separation of eementite is so much morc^ common (at h’ast in tho 
case of steels) that we shall only consider, for tho priaent, the 
possibility of the st^paration of eementite, and will defer the 
consideration of graidiite-deposition to tho special section on 
“ graphitization.” 

If, then, a molten iron with, sa^q 3 per cent, of carbon is coolf-^ 
down, it will commence to,deposit austenite at 1,200" C., and as 
solidification proceeds, tho liquid becomes richer and richer in 
carbon, as indisated by the liquidus curve CB. But at the tem¬ 
perature 1,145" C. (pojnt B) the solubility curve of eementite is 
cut, and any furthcK cooling would render tbe li<pnd sujie^saturatcd 
to^nls eementite. Consequently at that temirerature, the whole 
oftho material still liquid will solidify, as an austenite—eementite 
fflaeetic, of composition corresponding to the poinf B, that is, 
with 4-3 jR'r cent, of carbon. 

*> Conseqire-rttly, just below 1,145" C. iroii-carbon allbys of every 
compefcition .should be solid. The alloy containing 4-3 per cent, 
^carbdb (point B) will consistfcntircly of an austenitej-eementite 



moN 


113 


entoctio (the austenite of which has about 2 per cent, of carbon) 
alloys contaming snore than 4-3 per cent, of carbon will contain 
crystals of previously separated ccmeiitite embeddcai in the eutectic, 
wjiilo tfioso with less than 4-3 per cent, of carbon contain crystals 
ot austoISte embedded in the eutectic ; alloys wipi less than about 
2 per cent, of carbon ‘ will consi.st solely of austc itc, which may 
ho perfectly homogeneous if the solidiflc,.tion nrocess has been 
sufficiently alow. 

The des^nption just given shows the nahre of the iron-carbon 
alloys jvst below 1,145“ C. On cooling the alloys further, fresh 
changes take place. The solubility of earlam ii solid austenite 
drops with tho temperature, and consequently the austenite having 
2 per cent, of carbon gradually dcjxisits ccinentite as it cools, 
bt'coming weaker in carbon during tho prixieas. This weakening 
is shown by the curve 1)K. 

But the most impoitivnt changes are due to the facts that y-iron 
is unstable at low teiiijaratures and that «-hon, the variety stable 
at ordinary tem|)eratures, does not hold carbon in solid solution. 
It has been mentioned that pure y-iron changes to u-iron (or 
according to some authorities, to /?-iron) at A,, (about 90tt“C.). 
But the pre.sence of dissolved carbon depresses the transformation- 
point, as is shown by tho curve tth.'® When austenite of any given 
composition deposds pure carbon-free a-iron, the austmiite remain¬ 
ing nece.s.sarily becomes richer in (carbon, and tho temperature of 
the transformation (Aj) drops as tho carbon accumulates in the 
surviving austenite. 

At the point 10 corresponding to a composition of 0-9 per cent, 
of earlion, and a temperature of about 727“ 0.,^ the curves GE 
and l)K inter.sect,and below this temperature (known on cooling- 
curves as A,) all the austenite surviving in the alloy becomes 
converted to a “ euleetoid ” of «-iron and eementite, a evlectoid 
being similar in stnieture to a ci/<*c7/e mi.vture, although not formed 
from .a fused batli. A special name, pearlite, is assigned to this 

1 This liguro (2 per cont.J appears to tho present, wnter a fair value 
to asHuino aftor considering tho work of Jii\ostigutorv. Kiicr 

gives » lower vhJuo, whilst Carpenter uiul Kt'cling a hiKhor valuo. 

* Most Vdhorities show an angle in tlm him CK at tho tomjieratnro corro- 
sponding to tho Ajtransformation, but the ovidciico for this ohungo'c^ 
tion appoMiH to hot inc^itliciont. Smeo A, is a gradual transformation, a sharp 
at glc^j'jM'ara Vj bo unhkoly. *'■**«* 

• •Title value hue boon found by a inagnotn- method by K. Honda, JSci. 
Hep. Tohoku (huo. 5 {lOl('), 285, for th<' equilthrinin traiifiitjon-{oint. Many 
authorities git*' rather lower teinporaturce. Ou cooling-inir.tm the Ar^** 
point often falls inUeh below the e(pulihrium point, (jspeeiallj^ it tUfePooling 
IS rapid an<l impurilios are pn-sent. heatiiig-uuived tlio'Aff^ rmint b/Ta. 
rather alajve^tho equilibrium point. ♦ ^ 

* M.C.—VOL. HI. 
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.important cutectoid.' The appearance of pearlite in a micro- 
section is very characteristic, commonly consistiiig of wavy parallel 
lamellm, although, as we shall see, pearlite can also exist in other 
forms ; the structure of lamellar pearlite is shown in Fig. 6 of the 
frontispiece. Tho lamellse represent alternate ridges of ha#5 cemen- 
tito with groove's of soft ferrite between them, and the stracture 
causes, owing to,the diffraction of light, a pearly appearance*(hencc 
the name “pearlUe”). • 

At temjKsratures below ^727° C. no further changes n($\iT (apart 
from the A, magnetic change; in cementite;), and it is possible 
therefore to talffilate; the constituents of iron-cnrlffm alloys at 
ordinary temperatures as follows :— 

(1) Pure iron consists of grains of a-iron alone, .showing a 
granular structure, similar to that of most pure metals, the polygonal 
grains having generally smooth but slightly curved boundaries. 

(2) Hypo-eutcctoid steels, containing less than O il per cent, 
of carbon, consist of crystals of primary a-iron along with ])earlitc. 
The jK'arlite areas usually occur as “ islands ” in a network of 
a-iron. All the inild(;r steels arc of this chess. Fig. A of the frontis¬ 
piece shows a hypo-eutcctoid steel etched with nitric acid at a 
low magnification (x 84); hero the a-iron is white, and the 
{xarlite, which is not resolved by the microscope, appears black, 
k;ing much more attacked by tbo etching agent than the struc¬ 
turally free a-iron. Fig, B shows a hypo-etitecitoid steel, etched 
with picric acid and viewed at a high magnification (x 800), 
at which the two constituents of tin; pearlite can b(! distinguished. 
The greatiT part of the plate consists of lamellar pearlite, but then; 
is also an area occupied by white primary a-iron. 

(3) Eutcctoid steels, containing 0-9 per cejd. of carbon, con¬ 
sist of the eutcctoid pearlite alone. 

(4) Hyper-eutectoid steels containing between 0-9 jx'r cent, 
and 2 |M'r cent, of carbon eontaiti crystals of eementite ns well as 
areivs of pearlite ; often the eementite forms a network similar to 
the network of ferrite in hypo-eutectoid steels. Many cutlery 
steels and othfr high-carbon varieties an; of this class. 

(5) Alloys with 2 to 4-3 per cent, of carbon contain, in addition, 
the remains of a eulFctic of eementite and what was (^nce. austenite, 
h»4''#iiich has deeomjK)sed to an intimate mixture of tt-iron and 
_eenientitc, often irresoluble under the microscope. Many samples 
of cast iron (“ white cast iron ”) are of this character. 'Fig. P 
of the frontispiece is a seciion of white east iron, consisting of 
black,-primary t;Ty8tals set in a black-and-white eutectic ground- 

^ * All tliseussion of tlL‘ stnicturo of ponrljt^* is duo to N. T. 

Beltiiow, J. Iron i^Url /m.W, 105 (1922), 20l. « ^ 
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mass. The white constituent is ceinentite, ami the black coitstituent 
wae, at the monu'nt of solidification, austenite ; But it has changed 
on coojing to an irresoluble mixture of o-iro!\ and cementitt*. (In 
jrey ca^iron, the deconi[)osition of eenientite to iron and carbon 
introduces a further eoinplieation, which wdl bd eonsidered later.) 

(6)^lloys with more than 4 3 pi>r cent, of carbon may contain 
crystals of primary eementitc buried in the I'uUvtic just mentioned. 
Some ia.st irons belong to this class. 

The inai.' fact to remember. ho\\e\er,is liiat in an irou-cnrlKin 
alloy in which the formation of fri'c carbon has been avoided but 
whh’h is otherwise in equilibrium—the inili/ udiimtc eoiintiluruln 
are n-iron and eenientite. Of these eonslituents, a-iron is soft and 
malleable ; eenientite is hard and brittle. It may he ex)«'cted, 
therefore, that the tensile strength and hardness will itK rea.se, and 
the malleability decrease, with the earhon-content; this is found 
to be true. In order that a steel may he “ strong " for praetieal 
(Hirposes, there is needed a certain jirojxirtion of firm hard matter 
interwoven with a malleable, non-brittle constituent. .Such a 
combination is jirovided by the eiiteetoid jx-arlite. tuid as a matter 
of fivet th(' strength of annealed steel deiK'iids mainly on the |X‘arlito 
which it contains. |.\lloys with O'l) ]>er cent, of carbon consist 
entirely of jK'arlite. Those with more than l)'9 ]M‘r cent, contain 
structurally free eenientite, and, when the quantity of free eemen- 
tite becomes appreciable, thi're is a considerable danger of brittleness. 

Kor industrial inirposcs we can distinguish the following varieties 
of iron and steel *. - 

(I) Nearly pure iron wit li less than about 0-1 per cent, of carbon 
(incluiiing ingot-iron, dead-mild steel, ]mddled iron, I'tc ). This 
is soft, raalleabl(^,but with comparatively low tensile stri'iigth. 
Suitable for smith’s work, for stamping and for many electro¬ 
magnetic ]inrpos(‘s. 

* (2) Mild steel containing less than O-.'l per cent, of carbon. 
Mild steel is not especially hard, hut inaderately strong ; malleable, 
and not brittle. Suitable for structural piir])oses^ the varieties 
fairly low in carbon (containing, say, 0-1 per cent.) are suited for 
rolling into the sheets required for the manii.'acture of “ tin-plate.’,’ 

(3) Medium-carbon steel with 0-3 to 0-7 per cent, of cart.on. 
This is stronger than mild steel a?id is used for railway rails, fyrt's, 
and ijiany similai-purposes. 

• (4) High-carbon steel, with 0-7 to 1-4 jjcr cent, of carbon (or 
more); this is harder than the other varieties of steel but rather / 
more fragile towards shock. Suitable for tools, a|)rings, ciWery, 

* Nunieroiis nii»ilyso>i of the st-eele uw-t/for different jmrjioHos oro colhrUHi 
• by 1). Canieffle iuul S. C. (jraiidwyn, “ Liquid .Haid ” 
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etc. ThiH type of steel is commonly hardened further by heat- 
treatment {set befow). * 

(5) White cast iron, containing more than 2-5 per cent, of 
carbon; very hard and brittle. Comparatively feeble. Unsuit¬ 
able for mo.st purposes, except as the first step in the formation 
of " mallcabl(! ch.stings.” (The structure of grey cast iron \^ill bo 
considered later.), * 

Although in the, classification given al)ove, only the oiirbon- 
conUuit has beim consMer(^l, it stiould he remenihered^JiRat nearly 
all .steels contain silicon (()-()2 to 0-2 per <’cnt.), manganese (U-2 to 
I [HU- cent.), witft traces of sulphur (up to 0-05 peP cent.) and 
jihosphorus (uj) to 0-05 per cent, or sometiinos more). The effect 
of these other elements is considered later. 

Our knowledge of the eijuilihrium diagram of the iron-carbon 
alloys is largidy derived from a study of cooUiuj-curvesA It has 
already been stated that the cooling-curve of pure iron shows 
arrests at the melting-point, and also at A, and A,. The same 
aiTCsts are shown on the cooling-imrves of mild steel, but fhe 
arrest duo to solidification and that due to the A., change occur 
at lower temperatures than in pure iron. If the steel contains 
as much as 0-4 per cent, of carbon, Aj is so much depressed that 
it becomes merged with Aj; with a further increase, of carbon- 
content, the combined transformation A-, is ticpres.s(!d still further. 
All steels show in addition another arrest, A„ which is not shown 
by pure iron. This arrest is due to the formation of the eutectoid, 
})earlitc. Under e(|uilibrium eonditions it should occur at about 
727“ 0., but on cooling-curves, Ai', is often in the neighbourhood 
of 700“ C. The duration of the A, arrest increases with the carbon- 
<smtent; a steud of eutoetoid composition with O i) per cent, of 
carbon, shows the longest arrest at this temperature, the A, and 
Aj changes being merged in the A, change.^ 

In reet'ut years certain other inethods of def'cting transforraS- 
tions have l)een used to inv(<.stigate eases where the thermal method 
is unsatisfactojy. In the wmjmtic method, largely developed by 
.lapanese workers,'' the variation'of the magnetic piojM'rties of 
« 

* Seo cspecmlly tho' ourvus given by H. C. H. Carpenter Hiyl B. F. E. 

J. Iron -Strui! Jnul. 65 (1904), 238. Also F. Wust, Zel^-ch. Elektro' 
chem. 15 (1909), 6U6. 

•w—Honda, Eci. Htp. Tohoku I'niv. 5 (1910), 28^, eoqftiilers tip term 
“merging” uiappropriate. In Hlt't'l with ‘44 per cent, carbon,thechange 
can bo distinguished by a shar^i evolution of heat which occurs m tho midst 
\ of tho grad^-al heat-ovolution oouneotod with Aj, this Utte'* heat-evolution 
lieinglspri'ad over a conHiderable rangt* of leinperati^'Y' both above and 
^ ^‘elow .Xt. ‘ 

' * K. Rtmda. J. Iron SU,l lust. 9li>(lftlS), 375 : K. Honda. Sri. Hep. TtVioku 
Unir. 5 (1916). 285. . t • * 
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the iron is plottosi against the temperature; it is specially suited 
to locate tran-ferniation-points in very slowl'p-eoolerf steels, or 
very slonly-hcated steels. On the other hand, the dilalomelrir 
nietho^ in which the volume of steel is plotted automatically 
against the temjxTaturc. is largely due to Frc'gch investigators *; 
it is sjiited for following the changes in very rapid'.y-cooled samples 
of niftal. 

For the exploration of certain parts of the diagram, the method 
of queneuhif; specimens from a known tem;>erat.\ire has been used 
(see Vol. I, |), 201)). 'Phis has been especially vahiahle for obtaining 
the .solidus fur\ e (t'l)).- and also for the curve ho iisling the gra])hit<“ 
area (D'F/).-' 

(iraphitizution 

Grey Cast Iron. T«o assumptions have been uuule ahoxe in 
order to simplify the .suney of the siihjei't. It was assumed lirsl. 
of all that no graphite formation took ]ilaee ; secondly, it was 
assumed that in other respects the conditions were always those 
of eipiilihrium. The moditieatious to he intnslueed, when the 
eonilitions are such that these assumptions cease to he justiliahle, 
must he considered in turn. 

If molten iron containing earhon is allowed to cool irri/ 4<iwh/, 
there is a possibility of a ehemieal change taking place, namely, 
the splitting up i.i the eementite into iron and free earhon. This 
change is most often met with in east iron, although not unknown 
in steel. When molten cast iron is cooled comparatively ()uickly, 
“ white east iron ’’ is produced, containing its carbon in the eom- 
hined state as eementite. If the cooling is slow the decomposition 
of eementite, with the formation of fl.akes of graphite, may occur : 
in such a way “ grTy cast iron ” is jrrodueed. The flakes of grapliite 
arc well shown hy Fig. T) of the frontispiece, which is an unetched 
^ci’tion of grey east iron ; the structure is very different from that 
of Fig. (', whieli is a mierophotograph of white ca.st iron. 

iMost samples of east iron contain part of the. carbon in the free 
state, part in the eombined state. Commonly assisting will con¬ 
sist of white east iron on the surface, wlnwe cooling has been very 
rapid, hut will consist of grey grajihitic east icon in the interior. In 
some cases graphitization will be local in character, and •* -nottled 
cast iron ” is t^.o result. 

, Grey cast iron being comparatively free from the brittle com¬ 
ponent eementite, at least in the form of crystals of appreciable 

r 

' P. Cliovennid. Comptt'H lienti. 164 (1617), Old. * 

* N. Gutexvskl, 1th Int, Coruj. Apf. Chrm. (1606), .Sei t. Ills p. 49, * 
*R. Rger and N. lljin. Metallurgies 8 (1911), 97. 
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size, it is far loss fragile than white cast iron, and can be machined. 
It is the type of material which is aimed at for ordinary castings ; 
there is a fiirtlKT ailvantage in (hat the conversion of molten 
pig-iron to a grey easting is accompanied by an cxpansioli and 
thus a sharj)cr eaiting is produced in grey iron than i/f white. 
Niwerthcle.ss tb(« large flakes of gi-aphite provide easy planes of 
fracture through ^rey east iron, whieti, although le.ss fragile than 
whit(‘ east iron, has no great strength. Moreover, it i.-. imtircly 
without niallealiility. • ' 

The dilhu'euee between f?e(! carbon (gra|)hite) and th'e combined 
carbon (pre.sent ii 4 ( eementite) is readily s('en when aanst iron is 
dissolved away by an acid. The fnsi gra])hite is left undissolved, 
whilst the carbon pn'Sent as eementite passes away, largely, as 
hydrocarbons. 'I'hus white cast iron leaves little solid residue 
when di.ssoivcd in acid, whilst grey cast iron leaves a noticeable 
residue of graphite flakes. 

Much discussion has taken place concerning the meehani.sm of 
graphitization during l asting, some metallurgists considering that 
the graphite is deposited directly from fused metal. It appears 
exceedingly probable that graphite is normally formed by the 
decomposition of xd/id eementite, and that the change occurs 
maiidy at. a range of temiierature (about 9t)()° to 1,140" 0.) just 
below the eutectic point,' The decomposition, 

Ke,,(! tiKe -t- C, 

is thought by some authorities to require the i)re.sence of carbon 
monoxide as catalyst, which may act in some .such manner as is 
indicated by the eipiations 

2(!() -CO, (-C 
(’(), r Ke,,(! - 20(5 + 3Fe " 

However this may be, it is found that if the cast iron be kept 
molten at a high temperature (l.tHKt' -l. tOO" ('.) for .some time so 
that it loses its dis.solved gaSes, grajihitization does not occur, or 
occurs extremely slowly. Even in the ])resence of the gases, 
graphitization takes an appreciable'time, and can be fivoided by 
> 'iioling (he metal (pijelfiy through the zone 1,1.'50'’-!)00° C. ; hence 
the formation of white east iron in quickly-cooled casting's. 

The rate of graphitization depends very much ujxm the presence 
-vsi-^ther impuritie.s in the metal. Silicon enters in part int* the 

' K. HdiuIh iiiul Mumktinii, .7*.' Iron Shr! fusl. 102 {1020). -"ST : R. Ruor, 
Auor{f* ('hitn. 117 (1021), 240: \V. H.* Hfitfik-ld, f roc. Roy. Soc. 
85 jA) ftOll). I : r. D. Monca and L. .1. Ourevirh, r.iS*! Bur. Stand. Tech. 
• 129J19I0); K. Tawara and A^hara, J. Iron Steel Inst. 99 (1910), 
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composition of the cementite and reiidcrij it unstable *; thus tho 
presence of silictiji in iron is favourable to the^ormation of th6 
grey, graphitic form, oven where tho cooling has l)een fairly rapid. 
On thff other hand, sulphur has the opposite eifect, being favourable 
to the Jl'tention of carbon in the combined eoi^dition; thus irons 
containing much sulphur are liable to be ‘ white” after casting. 
Manglnesc—in the absence of suljihur has a similar effect; but 
- in the presence of sulphur small quantities of inanganese may 
actually -'id grajihitization, by removing the sulphur from the 
molten metal, as globules of manganese^iulphide, which is insoluble 
in liquid iran. 

Although gra]thi(ization is usually met with in cast iron, it is 
not unknown in higli-earbon steels; steels containing about 1 -2,1 per 
cent, of carbon, if annealed for live hours at about 8,'{0 ' f, often 
develop bliu'k graphite within the free crystals of cementite.- 

Sinia' cementite is probably at all ti'uiperatures Mdimliihlr, it is 
natural to attempt, to obtain an iron-carbon e(|uilibrium diagram, 
showing the .sluhlc condition of allairs where graphite (not eeincn- 
tito) stands in equilibrium with the iron. 'I'lie general form of 
the "stable” diagram’ is similar to that of the “ meta-stable ” 
diagram (Kig. I!U, p. Ill) Hut in the |)hu'e of the line AHDEH 
bounding the areas within which cementite is present, wo 
have the slight higher line A'B'D'E'H' (dotted in Eig. Illl). The 
position of the I'erritc-graphite eutectoid (isiint E') lies about 
12 " C. higher than that of the analogous ferrite-ceinentite eutectoid 
(point E) and eorres[)onds to a conqiosition of 0-7 per cent, carbon. 

Carbon-Diffusion in Solid Iron and Steel 

Cementationf »It is convenient to consider at this point the 
jiroee.sses in which carbon is lulded to iron or steel or taken away 
J>rom ib -when the metal is in the solid state. The manufacture of 
high-carbon stefi through the reearbiiri/.ation of puddled iron 
without fusion, was, at one. time, the normal method of making 
high-earbon steel, and it is still practised to somq extent. In tho 
“ eementittion process," as it is called, the bars of wrought iron 
aro embedded in powdered wood-charcoal, i;j rectangular fire-clay 
boxes .see in a furnace. Hot ga.ses from a grate jiass roun l the 
outside of the boxes, and raise the contents to a yellow heat. The 
bar^ are k( 7 /t at this temperature for about two weeks and a... 

• 

* See W, >1. Hatfield, “ Caat Imii in Li^ht of Recent Research ” (Griffin). 

* Cases are .nentionoti ui.d illustrated by A. Sauveiir, " Me. dlagraphy ani 
Heat Treatment Iron and Steel ” (Souveur & Boylaton). 

’ R. Ruer and N. Rjin, MetcUlurgie^S (1911), 97 ; Zettsch. Anor^. Oii 
113 (1920)^98; R. Ruer, Ztxttch. A^rg. Chem. 117 (1921), 
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fhen slowly cooled. The carbon will then be found to have been 
absorbed, and t» have penetrated right through the iron bars, 
which may contain as much as 1-8 per cent, of carbon. The bars 
retain their original shape, but the surface is covered by blisters; 
hence the name “^)listcr-stecl.” The blisters are due to tBe action 
of (iarbon on ths ferrous silicate of the slag included in the puddled 
iron ; the ferrous silicate is reduced and carbon monoxide fs pro¬ 
duced. Where tli(! raw material is slagless (e.g. a mild steel) 
cementation can.ses no blisters. 

Blister steel may be rcildered compact by treatnioht und(jr the 
hammer, in whieV “ shear-steel,” which still contains slag, is 
obtained, or it may bo melted up in a crucible furnace—under 
these cinuimstances the slag separates, and one variety of crucible 
steel is left. 

'I’he manufacture of steel by cementation of low-carbon iron 
(mainly Swedish charcoal iron) has long betm associated with 
Shellield, and the process has yielded a product which has justly 
made the city famous all over tln^ world. Nevertheless, as ,1. H. 
Hall has nmiarked, “ it is hard to see the special virtue of .sjamding 
two w'cehs soaking carbon into the iron in the .s(jlid staU‘, and then 
melting thc^ product, when the two <ipcrations can be carried out 
simultaneously in a few hours.” ' 

The mode of transfer of the carbon into the iron during cemen¬ 
tation has been a subject of much discussion. 'I’he view has been 
advanced that the carbon diffuses through the metal in a state of 
solid solution. It has Ix'cn shown that when two pieces of steel 
with different carbon contents are pressed into perfect metallic 
contact, and heated in rarno at 900°-d ,000° C., carbon passes from 
the richer to the poorer sample.- (Perfect contact between the 
two pieces is essential.) But under the eonditimis of the technical 
cementation process, in which the bmiperature is usually rather 
lower and air has access to the metal, many authorities consideV 
that carbonization is, at leas^ in j)art, due to another cause.^ For, 
under these circumstances, carbon monoxide is formed on the sur¬ 
face of th(' meRvl. Hot iron is quite permeable to this gas, and 
it is very likely that. ,the carbon monoxide penetrate.s the metal 
*9 i!, 1 de(!ompo.se8 within it according to the equation 

. 2CO n. CO, -e C, 

•••’tf. H. Hall, "Steel Founilry" (McGraw Hill). 

• F. W. Adiuns, ./. Iron Stvel Inst. 91 (IDla), 255. Compare G. Tammaru/ 
and K. SolWUiort, i^tahl u. Kisen,^! (1022), >>54, who ha'^o investigated the 
Effect of nunlerous spooinl cloinonts (rnolybdcifiim, tungsten, nickel, and 
mangniiKso), in promoting or olwtrncting the penetrationcarbon through 
► ^ 

(Iiarpy and S. Bonnerot, Comptes Haul. 150 J1910), 173. 
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liberating carbon in the interior. It has also been s\igg(‘ste(l that 
cyanogen and tha cyanides, if present, play .s(^ie part in the 
introductiAn of carbon into iron. 

Local^ementation or Case-hardening.’ In many instances, 
it may be desired, after shaping, to jmividc a iliighly carbonized 
shell f(jr steel articles of a low carbon-content. I'nder these cir¬ 
cumstances, it is usual to subject the article! to cementation for 
such a time that carbon is absorbed by the surface, but docs not 
penetrate tar into the metal; in this w<^’, iu is possible to obtain 
a surf'ico capable of being hardened, without causing in the body 
of the articl? the comparative brittleness whicl is characteristic 
of high-carbon material. 

The nature of the carbonizing agent used wilt dcjicnd on the 
depth of the carbonized biyer rcrpiircd.- IN’licrc it is desirable that 
the high-carbon region sbould e.xtend to an appreciable depth, and 
that the carbon-content should gradually dinnnisb as we jiass into 
the body of the metal, a suilal'lc method is to piwk the objects 
to be hardened in the mixture of animal and vegetable charcoal, 
often containing barium carbonate and sometimes common .salt', 
and then to heat them for many hours, tt'berc a thin coat of very 
highly carbonized material is demanded, cyanides or ferrocyanides 
are addeil to the charge. J’ara.l)in vajiour, acetylene, calcium 
cyanamide, and numerous other substances have been used as 
carbonizing agents. When' a cyanide ca.se-hardoner is used, the 
" case ” contains an appreciable ((uantity of nitrogen, which 
probably plays an im]Kirtant rdk in the hardening.’ 

Oa.se hardening is of csp<‘ci,al importance in the manufacture of 
armour jilatc, and also in the manufacture of machine-parts which 
have to be e.xpo.seiJ Jo wear. Certain special steels, such as ehromc- 
nickcl steel, arc peculiarly .suited to case-hardening. 

^.Malleable Cast Iron.’ In cementation and ease-hardening the 
carbon-content aft r .shaiiing is increased without fasion. Wo now' 
piiss to the analogous process in winch the carbon-content of 
articles i.s reduced without fu.sion. It is well kno^n that steel is 
an extretnoily dithcult materia', to cast, on account of its high 
melting-point; steel castings, if carelessly inacle, are often found '. 
when tc.sie<J, to contain flaws, or otherwise to be unsatisfactory. 

* Soe D. K. Bulicnif, “ St-col and its IfiTit Trcatiiu'iit " ((liapirifin & 

CliaptOT X. yany prattirnl polni.s n*gardiiiK (Jic prcmiMhiro in difforent 
cftuntrit« are given by 1). K. HiilffiiH, Iron A<ji\ 92 (lUlIi), and by K. A. 
Mullholland, Ifon A(j'\ 96 (HH.T), 1041. llil, IIGO. ^ 

*A method Oi rneasimrig the depth i« deHeribed l>v J. (Jalinourg and M. 
BaUay, liev. Mr/. 17 (1020), 21G. 

>H. Fay, Met. Chnn. ICnq. 24 (1021)|2«9. 

« W. H. H|tfieJd, J, Iron Steel Inst. 96 (1017), .307. 
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On the. (itluir hand, cast iron is very suitable for casting, but has 
*not the strwigth^if stwl; being almost entirely without malleability, 
it must necessarily break, if stressed even for a moment beyond the 
yield-point. * 

If it were pos.s^bh^ to cast articles in cast iron, and dfterwards 
to lower the cafbon-eontent of the material without destroying the 
shape, th(! ])roeoss would have many advantages. Actualljf, such 
an operation is jVssihli! if the carbon to be removed is present as 
e(nnentite; it is <l!lli(jult to remove free graphite from a casting. 

'I'he. eastings to be trcAed therefore must be of white ca^t iron, 
and this involve^ a very rai)id cooling of thii inoltun pig-iron in 
the moulds. Metal moulds are therefore used in the foundry, 
and a certain amount of sul])luir in the pig used is looked upon 
as not nmle.sitable in European practice. When the white eastings 
have been made, they are etnbedded in powdered iron o.xide 
(hiematite), and hea.t(!d for several days in a reverberatory furnace 
or air-furnace at about IKKt ’C During this jwoeess the iron oxide 
retnoves a certain amount of carbon from the outer layer, and the 
carbon from the interior uunes out to replace it, being oxidized 
in its turn. Einally the <'arbon-eontent of the easting becomes 
similar to that of steel and the material becomes quite malleable. 
If the easting is now cooled down slowly, it will be found to be quite 
strong and to have a considerable capacity for withstanding shocks. 

In AmiTiean practice an iron with less snl])hur is used, and a 
rather lower tem|)erature is employed (kOO'(!.). Under these 
conditii>ns, only the outer portion of llie casting is decarbonized. 
In the interior, the change is not mainly on<! of carbon-removal; , 
the cementite here deeom])oses into iron and carbon, th(! latter 
being in a linely-divided form (temper-carbon). Thus an American 
malleable easting, if broken ois-n, is seen to lllive a black interior 
surrounded by a white rim ; the name of ■* blaek-heart casting ” 
has been a])plied to the Americay type. The line temper graphiVe, 
in contrast to the large flakes of graphite preseilt in grey east iron, 
does not re<luee thi! stri'iigth of the material. In the “ black- 
heart ’’ pi'oocsi.. it is the tran.sformation of carbon to the fine 
graphitii! state-- rathej- than the removal of carbon- ffhich is the 
’sential cause of walh^ability.' 

'J’lui.manufacture of these blaek-heart malleable sostings is 
ihyrroving as experience is gained ; the mallqpbility of modem 
"^eastings as judged from the percentage elongation—S much greater 
than that of the earlier castings. Eor whereas ae.-elongation of 
* 10 per eeirf. was once thought good, elongation's of 20 per cent, 
can now be obtained. It was at one time thougfit that the special 
' * > J. B. Deisher, Eng. 17 (J»17), 383. 
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strength of the eastings was duo to the low-earhon skin, but it has 
been shown that this is not tlie case.' , 

% Thermal Treatment of Steel 

It has boon assunied hitlierto, in eonsideriiig Ike struetiin' of 
steels, Aat the eooling has been fairly shjw f if the eooliiig is made 
rapid, the “ pearlitie type ” of steel is not obtaint’d. 

A solid steel eonsists, at any temperatur<i above Acj, entirely 
of austenite. 'If this is eooled slowly to'ordinary te-mperaturc, it 
changes tt' a«Bteel consisting of a-iron (or, if 11^ steel is hyper- 
eiitectoid, eementite) along with pearlito. In the ease of a /it/po- 
eutertoid steel, the precipitation of «-iron alwavs eoininences at 
the most unstable plaees namely, the eilge of the austenite grains 
As ((-iron is throwii out, the remaining austenite becomes richer 
in earixni. Finally, when it comes to contain just over tl-t) per 
cent, of carbon, the austenite becomes nietaslalile with regard l(( 
(icmelitite, and a layer of eementite may be Ihronn out. 'I'his 
reiuh'rs the austenite again nielastable wjtb regard to ((-iron ; 
eonse(piently ((-iron and eementite are thrown out in alternate 
lamella', forming the coinple.v which we know as “ i)earlile.'’ The 
final structure obtained after slow (-doling is thus a “network” 
of ((-iron (inclosing pearlite in the meshes. The network indicates 
the boundarie.s of the original grains of austenite which existed at 
the high teiniieratiire. The striieture of a slowly eooled tn/jM’r- 
eidecloid steel is similar, but here the network eonsi.sts of eementite, 
■not ((-iron. 

If, hoW(iver, the lad .steel is suddenly cooled to low temperatures 
by being plunged into ice-cold water, tlui sudden eooling does not 
result in the jn-odut^ion of pearlite ; the steel will be found to be 
intensely hard and somewhat brittle, and, when e.vamined in a 
micro-section, a^rpears to e<msist .wholly of a new ermstituent, to 
which the name martensite has been ajrplied. Th(! appearance of 
martensite is (piite dilTercid from the lamellar appearance of p((arlite ; 
the aspect is “ aeicular ” or needle-like, as is showti by Fig. K of 
the frontispiece, which represents a seeti(jn, of a martensitic steel 
etched with alcohobe nitric acid, •• 

Martensite ifr the “ (juenching product ” of austenite,-4ust iw 
pearlite is the pr^l'jct of slow cooling. So long as the steel ejn- 
sjgted entirely of austenite before (pienching, the network of a-iron' 
will be entirdy absent from the quenched steel. If, however, 
quenching is dhnc^icted from a temperature just below'Ar,, so that 
a certain amount of free ((-iron is already present at the moment 
^ Touce(f|, J. Amer. ^lecb. Eng. 41 (1910), 593. 
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of quenching, this u-iron will not be changed by the quenching 
' operation, although the whole of the austenite present at the moment ^ 
of quenching will appear as martensite after the operatlbn. Thus, 
by quenching from below Ar,, wo get a steel consistin^of a-iron 
and martensite., 

When mart(«,isitic steel is heated (“tempered”) between 250° 
and :!00°C., it loses jt,s brittleness, whilsit retaining mucfi of its 
hardness. If the annealing i.s eontimied long enough, however, 
the special hardiu’ss t'ani.shes altogether. If the tempering process 
is studied by moans of nlicro-scctions, it is found tlfat the,“ mar¬ 
tensite ” first tni^is to a constituent known as “ tro(>Stite,” which 
appears very dark in the etched sections. 'iVoostito on further 
heating gives rise to “ sorbite,”' which is less dark in colour, 
hut, like tI■oostit(^ is not resoluble under a microscope of ordinary 
power. Sorbite in its turn gives rise to pearlite, consisting of 
an aggregate of o-iron and cemeidite ; sometimes the ])cariite 
[iniduecsl is not. the familiar “ lamellar ” variety, hut contains the 
a-iron and eeinentite. as glohulcs or gramdes. The globular (or 
granular) form of pearlite is not, howcv<T, essentially different 
from t he lamellar variety ; it can aetnally he pmdueedfi’om lamellar 
pearlite by heating at A(’,^ 

Th(^ probable facts of heat treatment can be summarized in' 
tabular form thus ■ 


[Martensit^ 





Th(' troostite and .sorbite are characterized by^moderato hardnSSs 
combined with ductility, jorbite being the more ductile of the 
two, whilst jH‘arlit(' corresponds to the final comparatively soft— 
state. In the'ordinary hardcning.of a sU'cl tool or q,ther article, 
it is (pionehed fron\ n temix'raturc just above Ac„ by plunging 
•nito water or oil or^by spraying with water : water eaiisy's a more 

^ For oxcollont htjjli powpr nucroplioto.s of troostite^rsorbit-e. oto., 5ee Sir 
and T. (.«. Elliott, Tnia.f. Fartiday Sof'. 16 J, 15o. See 

^1: ,' C. Bt'iicdicks anti E Walldow, Trans. Faraday Soc. 16 (1920), I, 183. 

• K. Honda and S. Saitd, Sied In.d. 102 (1D20)T261. Compare 

H. M. Howofind A. G. Lovy, J. Iron Steel Inst. ^4 (1010), 2H). The cause of 
the ohftnp* fr«>jn Imnt'llar to plobnlar stniettjre is 8nggeat-(*H by .T. H. Whiteley, 
X Iron Steel Just. 105 (1922), 339* Compare A. Portevin and V'’. Bernard, 
J. Iron Sted Inst. 104 (1921). 146. 
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rapid lowering of temperature than oil, but introduces a danger 
of cracking in soifle high-carbon steels 'I'lie article is then tem- ‘ 
pered eith* by heating in an oxidizing tlanie, or on an iron plate, 
or alternatively by immersion in a batli of hot oil or fused salt. 
The quenching renders the steel nuutensitie, aiiil therefore hard 
and brittle, whilst the tempering reiuhTs it lioosUtie or sorbitie; 
to obtain the sorbitie struelure, a latlier higher temperature and 
a longe* treatment is needed, which is sometnrf’es spoken of as 
“toughening.” in all eases, the tenqu'ratqre'of the treatment 
needs ^areful'regulation according to tlft.' ))ur)H)se for whiiii the 
steel is tc b<» u.sed. The interference-colours that appear on the 
surface of iron expo.sed to air are often used to gauge the tem¬ 
perature. Thus it is eustomaiy to recommend that files should be 
teuqxwed at a “ light stiaw," axe.s at a “ juirple,” springs at a 
" blue heat,” and .so on 

It is worth noticing that if steel be quenched less rapidly than is 
required for the formation of martensite, it is (lo.ssible to jiroduee 
directly troostito or even sorbite without any sub.seipieiit tempering. 
Various systems for the local hardening of artiiies are founded on 
this fact, for instance, by passing a tlanie rapidly over the wearing 
surface of a toothed gear-wheel (ju.st as one might pass a jiaint tirush 
over the surface) the sudden cooling which takes ]ilaee at each 
spot after the flame has ])a.sscd on, due to the eonduetion of heat 
into the interior, causes a h.ardened Layer about inch in thickness.' 
The surface of tramway rails can be hardened in an analogous 
maimer; an o.xy-aectylene flame is made to pass slowly over the 
rails, and (pienching is in this case aided by a jet of water which 
closely follows the flame ; a sorbitie coat of about ,1; inch depth is 
produced. A rariier similar treatment has been introduced at 
certain Jlritish and American mills for the sujierficial hardening of 
rails intended for use on laihvays.- 

* Nature of Mqftensite, Troostite and .Sorbite. In siiile of 
the great importance of steel hardenedjiy (|nenehing and tempering, 
the character of the constituents is .still a little uncertain. Before 
any attempt is made to deeidg the iiltimabi naturt' of itiartensite. 
troostito or sorbite, emphasis must be laid on the important fu.;i 
that S' lW-'what analogous structures are met vVlth in other quenelit'U ' 
alloys, but only in those alloys in which some transformaVioii would 
takc%place oji sl#w cooling, the change being retarded—or at Ipast 
cnodified—by quenehing. (lertain alloys of cop|ier and aluminiuiu, 
(aluminium nnpzes), copper and tifi (bronzes), eop[K-r and zinc 
(brns,scs) undergo at temperatures between 400° and tiOO' C. 

*/rofi Coa/ TradiH /^rc.jlOO (1920), 213. ■* 

• * Engineering, 106 (1918), 025. 
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tranfiformations of this kind. By the heat treatment of aluminium 
* bronzes, hronzqi and hra.s.sc.s of suitable compwition, an acicular , 
structure recalling martensitic .steel can be produced ; anffl in certain 
eases, stmeturea supjsjsed to be analogous to the troo^itie and 
pcai'litic (granulaf and lamellar) state.s of steel are obtained, although 
tiere the analogy is rather less convincijig.* It is evident that the 
ap[Kairanee a.s.so( iated with martensite, troostite, and sorbite is due 
to the stnietun^ rather than to tin; composition of the weas so 
styled, and that flie.eharacteristic appearance and jjiopcrties are 
due, to th(! fact that the itsnlts of the ehange at A, will he ditferent 
aecording to the^time allowed for tlu; change to tilke place. 

Now the <!hange (Kaairring in steds at A, on .slow cooling is a 
donlih; one: ydron heeomes n-iron, and since the latter does not 
normally hold earhon In solution, the [jre<’i|)itation of iron carbide 
(eementite) follows. We can write the two stages thus :—■ 

(1) 'I'he conversion of austenite to n-iron containing dissolved 
earhon. 

(2) The liberation of Ke,(! from the n-iron, and the separation of 
eementite as a distinct pliase in particles of a|)pveeial)le size. 

It is very generally considered that the change (1) occurs, in 
mliiiur;/ steels, with very great velocity ; it seems that quenching 
cannot entirely prevent it, although it is noteworthy that in * 
quenched high-earbon steels certain austenitic areas survive at 
ordinary tenqa'rature, whilst certain alloy steels (e.g nickel steels) 
can la- obtained at ordinary temperatures e.velusively in the 
au.stenitie condition. In general, however, (pienehed steels consist 
mainly or entirely of martensite lieeent inve.stigations of the • 
erystal-slrueture, carried out by means of the X-rays, appear to 
show that in niartensitie steels the atoms are arijanged in the same 
way as in pure n-iron, whilst in austenitic steels (e.g. nickel steels) 
they are arranged in the same way as in y-iron.“ It is thus clear 
that, in general, the change from.y- to ((.structuri- is not prevented 
by the (pienehing. 

On the other hand, it woufd appear that ehange (2) is much slower, 
even at high tmqreiatures, and that, when the steel is <juenehed, it 
practically iloes not t^rkr- i)lace at all. If this view Is accepted, 
•'ib.en we have to rwgard martensite essentially as a sqlution of 
carboit^in u-iron (or of eementite in u-iron). On'tempering, the 
temperature is raised suiliciently high for chang«.(2) to takc^place 
■*^radually, the precipitated eementite being at first (i.T. in troostite) 
ni an ultra-microscopic (or e(Jloidal) state of division. - As tempering 
' proec'-ds tlte particles inereasc in siz('; soiTiite proJ)ably corresponds 

".A. Pulevi'a. (Viapn-.i Itiiiil. 17<(liWi). .'l.VO; Itrr. 16 (Itllil), 141. 

* A. Wt'slgroii, ./. Stal InM. 103 (15)21). 303> * 
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to the stage at which the individuals begin to a|tj)roiicli niicrosoopio 
dimensions, whilst in pearlite, a larger size, diseejiiilile under the* 
microscop#, has been reachetl. At the same time, the precij)itation 
of FcjC^om the solid .solution -which is inecimplete in troo.stite 
becomes more complete a.s tenipering prweeds, idthongh i( sei'ins 
jxwsible that fully annealed ]K'arlitie steel .strll retain* a little carbon 
in solief .solution.' According to the view jnst sngge.sted, we can 
define the con.stituent.s as follows-: ^ 


Marteivite . 
*rrooat^t<' 

•Sorbite 

(Jraiuilar I’earlite . 


Solution of Cjirbdli (or KeA') in (t-iron. 
(lolloidal solution nf Ki'iC in u-iron 
(partii'les very .sinSlI). 

IsTV fine nio.saie iif in u-irnn 

(barely re.soluble uinliT niiernseope). 
.Mo.saie of Fe,(' and o-inai. 


The passage frnni martensite thriaigh troostile ind siahite to 
pearlite is a gradual one ; some metallographists afiply the name 
''osmonditc ” to the stage between tronstite and .sorbite. The 
<lividing line between “ sorbite ” and " pearlite " really de|ieiids on 
the power of the microseope employd to e.xamiiie the steel.' 

Cause of the Influence of Cooling-rate on Structure.* The 
fact that a hyjio-euteetoid steel, whieh on slow cooling yields a 
network of n-inai surrounding islands of pearlite, yields on ra])id 
cooling a steel of different appearance, is not in it.self surprising. 
The produetiiai of the network of “ pro-eiiteetoid ’ n-iron niiiHt 
involve diffusion in the solid stati', and clearly during rapid cooling 
there i.s no time allowed for this diffusion. If the grains of the 
au.stcnite are large, the distances over whic h diHiisioii has to take 
place are greater,»‘^d the nece.ssary dilfiisicm may not oeeiir even 
if the cooling is comparatively slow. In such eases, the u-iron will 
be thrown out of solution U'ilhin the grains of austenite ; the 
ef^'sfallizaticai of^he u-iron then appears to follow the cleavage 
planes of the original austenite crystals., IJy bdi i" ra]iid cooling of a 
steel consisting of large austenite grains, a slnieliire is prodiieed 
which apiigjjrs in the miero-seetion as a grid of whfte bars (u-inai) 

on a black backgremnd. This is called •the Widmanstatten 

«♦ 

*K. InTuft/o, y. Colt. J-Jng. Tokyo 10 (1920). 14:.. 

•Compare the views of C. Uenerlicks, Knit. Ztitsih. 7 {IlMO), and 
H. Chatcher. Cmjtptfs Rend. 165 {1917), 172. 

• (knnpare VV^Roaeiiiiain, '‘ Jnti’ofhu-tion lo IMi.vmcfil Mdullurgy(Coii- 
sBible), 1914 pp. 183, 184. 

•Compare A. Portevin, ltcx\ Met. 16 (1919). 141 ; If. pi'sch, 7 V«/m. 
Faraday Soc. l(f (1^5), 265*; Z. Jeffries and R. S. Aieher, Mrt. Chtm. Eng. 
24 (1921), 1065; a moat instructive pajwT by A. K. Htillimond, Iron Slrel 
Inst. 105 (1922), 359. should also Iw 'oriHuIt<‘<l. See also 'I\ jleUiie'^', 
Met. CI.em. 25 (1921), .084; J. Inst. Mti. 29 (1923). 
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structure ; it haa long been known in the iron of meteorites, 

* where it is sufficiently coarse to be visible to naked eye. 

It has been suggested that the curious acicular sfc-uoture of ' 
martensite, although it is quite distinct in ajipoaraneo Horn the 
Widmanstatten structure, may be due to rather a similar cause. 
Since martensitie structure can be obtamed in steel of euteotoid 
(;onipo.sition, the “ needles ” of martensite cannot consisfJ of the 
" jiro-outcctoid ''«-iron ; but it seems likely that in martensite the 
general change fr(tm,y-iron to a-iron has proceeded preferentially 
in certain directions, and* thus the orientation of tlicf “ needles ” is 
related in an ordi^cd manner to the crystal directionsaif the original 
austenite grains. Certainly the general appearance of martensite, 
as illustrated in Fig. E of the frontispiece, does suggest that the 
“ needles ” do not point in all direetioms in haphazard manner, 
but are arranged prefiTcntially along certain directions. 

It is interesting to note that on slow cooling (such as would 
lead to the formation of pearlito), and even on restrained quenching 
(such as would |)rodnee troostite), the Ar, transformation occurs 
at about ()00‘'-700‘’ (: but on rapid quenching (such as would yield 
martensite), it occurs at much lower temperatures. This has been 
found not only by means of thermal curves,* but also by the 
dilatoinetric and magnetic ** methods. The change at ()00“-700° C.« 
which gives rise to pearlite or troostite is known as Ar'; the low- 
temperature change which gives rise to martensite is known as Ar". 
The latter usually occurs aliout 350° (!., but according to Portevin 
and (Ibevenard it is accompanied in some steels by a fiu'ther distinct 
change below 200° 0., which they distinguish as .\r"'. Steels which, 
arc cooled fairly shnvly show only .Ar', and are found to be pearlitic 
or troostitic. If the cooling-rate is increased, Ar" (and po.s,sibly Ar'") 
appear as well as Ar', and the steels are partlV‘martensitic, partly 
troostitic. If the quenching is made more severe, Ar' disappears 
and only Ar" (and possibly Ar".') is observed ; the steels are tlgm 
wholly martensitic. Finally in some steels it if possible to quench 
so quickly that Ar" begins fo dimini.sb and |)ossibly may disappear ; 
the steel prodseed will then be austenitic, in tbe alloy steels, it is 
not only the cooling-^te which de'cides whether [learllle, troostite, 
HiarU'iisite, or ausW.mite will be produced. The temperature to 
whichj.lp' steels have been heated before being cooled i»5n equally 

i Coiiqmro tlio cooling-eurves oiul iiucro.photognii'tr. of ciuomimy stwls 
^ given liy t'. A. KUwurits, ,t. N. (Jreenw'ooil, and tt. Kikklft’a, J. Iron Utrel 
93 (Itllti), tit. 

, ‘ 1*. Cliovennrd, Ilcv. Mrl. 16 flDI!)). 17 ; A. M. rorlown and P. Cliovenard, 

.1. Iron meet Inst. 104 (1921), 117 ; A. Pouebofto. Coinj^liS tleiul. 174 (1922), 
Oil. tt’nrnfijg.— Some French WTiU'rs refta to Ar' aa .Vr,, the term which 
l^nglish gTitera apply to the inagiigtic tramiforination in pure iron at 768® C. 

* K. Honda and 'P. Kikula, J. Iron Steel Inst. 10^ (1922), ^193. 
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important factor; the reason for this is not in all eases apparent. 

Cause of Harness. The origin of tin- g(j'at hardness of 
martensite steel has given rise to iniieh disenssion. .According to 
Joffries'nnd .\roher * the main cause of hardness is tlie tine grained 
character of martensite. If pure iron is eool<'i| very slowly through 
the A., point, so that the transformation of y- i) o-iron occurs at 
tennK'iftlures not far below the (sjuililwiuni trau.ution-point, large 
ery.stals.ere priKluced. ts'eause the veloeity of ciV.slallization is so 
great at that teiujiemture that tln're is no tin^e for (lie formation of 
numerous nuilei. If pure iron is queni lied. a fine.' grain is jirodueed. 
Iieyause fie tran.sforiuation takes place at loiver (em|H'raturos. If 
the iron contains carbon, the grain is likely to be still liner, because 
the carbon not only lowers the reversible transformation points, 
but seems also to eau.se a retardation to the eliange itself; ns 
alreinly stated, the uelnal transformation wliieli gives rise to 
inarterisitie steel seems to oeeiir about or below IkaO'' (’.. and it is not 
surpri.sing that the grain is .so tine that the individual ((-iron crystals 
cannot be distinguished under the mioroseope.'^ This linene.ss of 
grain may be the cause of the peculiar hardness of martensite. 
In addition, the presence of carbon or carbide in solid solution may 
be a eoiitiibiiting cause. In troostite, whii'h contains numerous 
very small (colloidal) hard particles of eenienliti^ in the grains of 
11 -iron, the presence of (he.se particles upon possible jilaiies of slipping 
will interfere with gliding, and hence with dcforiiiation ; (his is 
prob.ibly the main cause of the moderate hardne.ss of troostiti'. In 
sorbite and gi'amilar pearlite the particles, being larger, are less 
nuin, rolls, and (he hardness is therefore smaller, 

-■tnodier possible cause of the very great hardness of martensite 
may, however, he suggested.^ JJoth stages of (he change from 
austenite to pearlite^ipjiear to be aecompanied by volume-ehanges ; 
stage (1) i.s aeeoinjiaiiied by an e.\|)ansion, and stage (2) probably 
bj[ a contracliun.^ If (l)jil(inr takes jilace, the expansion 

involved sets nj- Considerable internal stressos- in the steel. Jt is 
possible to n-gard the h.irdness of (pieneh(‘d stt^el as being due to 
the presenre of nmorjiJious material in the st<‘eJ,«eaus(!d by the 
8tress(*s aiarvulunH'-ehan^ies aeC^oinpanyin^' t(ie process, and by the 

^7.. .V.-ff;,'fin.l't. S. Vivhor. .1/,/ Chm. 2^ (Ml). ; 25 

240. t'e'ji|Vn' tKC w<rik of N. S. Kuoiukow lUMi A. N. Af-hnusfiio” ^ Znl'irh 
Anoiy. ('.’.er . 1/^(1022), 1 S6, on non-feriouK cutoticH; ih* y lintl tluit rapid 
t]uefv'fting gram sizo and inoreasoH Iho lutrcInoHH. 

•* Tlit'if i.H no ifuwon to think tliat tho Hppan-nt “ neoflli'H ” whicli arc Boon 
in a mirio sffl f f nmrtonsitu' Htetd an- t}i<; iiltirnato a-iron cryst^ila. 

^ ( ompurc of v'.csA. Ktiwards, Traji/t. Faraday .Soto iy, 10 (1915), ■ 

248; H. C. JH. raiYK-ntcr, Eyigtneering 107 (1919). 340, 380; A. MeCuner*, 
Trarifi. Faraday Soc. 10 (1915), 257; .1. C. Hmnfilirey, IranK Faradity 
Hoc 10 (1915), 240. ^ 

^ Compart* H. do Nofly and L. V’oyift, J. Iron Stnl IuhI. 90 (1914), 1G5. 
M.C.— VOL. III. 
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, short time allowed for the atoms to array themselves in the ordered 
manner charact^'rwtic of crystals. According Ao this view the 
hardening of steels hy quenching is d\ie to the same ultifcatc cause 
as the hardening of aluminium or copper by external niqphanical 
deformation; buL in the ease of quenching, the stro.sses causing 
lh(! disarrangertient, or “ amorphization,” are produced internally. 

Grain-size aijd HeSt-treatment. One of the many ))eculiar 
advantages of iron^and steel is that even if—during the p/oce.ss of 
mamifaetiire - the grain-size of an article has bec<ane isjarse, it 
can usually be made fim^ by beating for .soni(‘ time a littleiabovc 
A(\,und cooling agiin. Above Acc, steel con.sists entirely of austenite, 
and all trace of the original «-iron structure is lost. If the metal 
is afterwards cooled, the structure prcHluced when the iron re-enters 
tlu! «-rang<i is, in general, independent of that uhieh existed before 
the heat-treatment, and is usually (piite fine. The metal commonly 
shows, after cooling, the ordinary u-iron “ network,” indicating the 
position of the boundaries of the austenite grains existing above 
Acj. Where an unduly high temperature has been employed in 
annealing, so that the austenite grains have become coai'se, a gross 
network is likely to be obtained. Thus in tlu^ beat-treatment of 
steel the usi^ of temjx'ratnrcs far abov(' Acj should Ix' avoided.' 

In the purer varietii's of iron, cases of abnormal coarseness of 
grain are sometimes met with which re((uire s|«’cial explanation. It 
appears that a heating of one hour just above Ac, docs not entirely 
destroy all traces of the original u-irou. If thci'cbjre a thin sheet of 
pure, eh'ctrolytie iron is heated for an hour above .Ac., and is then 
cooled again, the few particles of o-iron w'hich h.ive escaped destruc¬ 
tion will act as nuclei for th(^ recrystallization of «-iron, when the 
iron passes below Arj, and a very coarse strut tore is obtained.- 
The i)roduction of these coarse crystals is avoided if the iron is 
very rapidly quenched from above Acj, jwesuniably because under 
these conditions crystallization of o-iron commepces spontaneousiy 
at numerous points other than the nuclei referred to above. It is 
also prevented if the heating above Ac, is continued for twenty-four 
hours, which allows time for the destruction of all trices of the 
original u-iron ; eonstquently, even on slow cooling, the coarse 
stVucture is not dovVloped. 

The phenomenon is bc.st seen in thin sheets, presumalSy because 
in a thin sheet a comparatively large number o' nuclei pej- unit 

_Vl>bime represents only a small number of nuclei per unit area, and 

• ^ 

' Sou D. K.'Uulloiw, “ Stwl and Jli'ut Truui-mfnt ” (Chapman & Hall)» 
Chuph'r in. . 

J. K. St^oad and H. C. H. CHrp,jn(<*r, ./. Iron Steel Inut. 88 (1913), 119. 
Cuinpari) h. M. Howe, J. Iron Steel InM. 88 (1913), '52. 
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the grains products! arc of remarkable extent. It is.only observed, 
, in iron sheet of exceptional purity, such as is prtxluci'd by the 
electrolytic^ pr(H’c,-,.s. In shts't made of mild steel or piiddletl iron, 
the impunities (slag, mitngant'.se ,sulphidc, carbide, etc.) .seriously 
interfere with the growth from the various centres of crystallization. 
It is noteworthy, however, that the variety of thennally product'd 
pure iron known as *' .\rmeo " is often tpiiic brit'Ie Itetween StKt’ 
and !)()()’('. if it has previously been heated abo\e Ac,.' This 
brittleness seems to be eonneeted with in atinoriiially coarse 
structrre. which possilily slnailil be e\|il,'tined in the same way as 
that observetf in eleetrolytie irtai. 

The Effect of other Elements than Iron ami Carbon in Steel 
and Cast Iron - 

It is now’ necessary to eonsidt'r the ctleet of other elements which 
may be prc.sent, through design or leeidont, in iron and sUsd. 

Silicon is an invaiiahle eonstitnent of ordinaiv east iron, and 
where ordinary (grey) east iron is desired its ]a'esenee in tpiantities 
between 1-d and '.i ~> per eeni. is really necessary, in order to bring 
^the carbon at least in ]iai'f into the graphitic .slate. Larger 
(|Uantities are useil in the “ a<'iii-|)roof’’ varieties of east inai ; 
the.se will be refe-nsl to again in the section on corrosion ; they 
resist the attack ot acids and other reagents wondcHiilly well, hut 
are extremely fragile, .'small i|uanlitii'.s of silicon are added to steel 
(in the fia'in of ferro-sili. on) as a deo.xidizer. whilst large ipianlities 
are employed in certain special " silietai steels.” ii.sed for springs and 
other purptwes ; as already slated, siliemi is a const it ueiil of the iron 
used in this count»y,,^or the cores of eli'eli'o-magnelie iiiaehinery. 

Sulphur is generally regarded as an extreiin ly objcctional 
element. In cast iron, as already stated, it facilitates the retention 
of carbon in the ci .nhiiied state ; therefori the presence of siiljihiir 
in cast iron in (piantities above abo.it It-K per cent, makes it 
unsuitable for the production ot good grey castings, c\en if the 
silicon-contc^it is fairly high. The ]ire.s<'nee of sulphur in st<‘el is 
liable to render the inaterial extremely brittle under shock. 
Apparently it exists in the molten steel as iron sulphide, vdiieh 
is quite soluble in the liquid metal, although far le.ss .solunie in the 
.solid state. OiT solidification, therefore, the metal tends to 
ciystallize eora"arativcly free from sulphur, wliieh accumulati’ ..t 

* W. J. BrooUo and F. R Hunting, ./. Iron hint. 96 

* F. W. Harlxird aivl d. \V Hall, “ ’ (IJrirtin;, ('Iiapl^T W'J ; J. K, 

Stewl, J. Iron luxt. 94 (HH6), ; W. H. Ilatliidfi, ' Cunt lion in 

of Kerent Rafearch " ^Oriflin). 
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the boundaries of the original grains of y-iron. This network of 
iron sulphide d(^es not in every case produce aify serious lowering 
of the h'/isile sfrr'ngih, hut is extreinely likely to cause fililure under 
shock. Where—as i.s occasionally the ca.se—the sulphijfe forms 
round or oval patches, its pre.scnc(^ i.s not harmful, but wherever it 
exists as a nelVork, or in thin layers, it renders the iron liable to 
eraeking.* 'I’hus the j;rc.sence of iron .sul[)hi(le in iron or steel is to 
be avoided. 'I'lie brittleness is most marked at high tcmijoratures, 
and is referred td n,s rrd-«lioHnejis. It is to be noted that iron 
sulphide has a fairly low'melting-point (ilnO" C.), and clearly, above 
that temperature the strength of iron containing* a continuous 
sulphide network must disapjxxir almost entirely.^ 

If, however, the liquid steel contains a sullioient quantity of 
manganese, the sulphur will be wholly present in the fused steel as 
mangnue.se sulphide, which, binng insoluble in molten steel, separahss 
as globules whilst the metal is liquid. C’onsisjiumtly, after soliditi- 
eation, manganese sulphide is not found as a network, such as 
causes the Haws in manganese-free, iron, but can be. recognized in 
ndcro-sections as greyish globules, winch are comparatively harm- 
le.ss. Mangane.se sulphidt^ has a much higher nielting-])oint than the 
sulphide of iron. Thus the bad elTccts of small amounts of sulphur 
arc largely avoided, if the proper (|uantitv of manganese is jn'csent. * 
Hut clearly it will not be desirable to have an unduly large (piantity 
of the manganese sulphide globules in the metal; consequently the 
sid|)hur content .should in any ease be kept very low. Opinion is 
.somewhat diMihsl ' as to how far sulidmr can be tolerated in the 
pre.senee of mangane.se, but—at any rati' in steel intended for* 
structural purposes it is wi.se to demand a very low sulphur 
content. 

It is noteworthy that sulphur is sometimes intentionally added to 
sti'cl which is required for rolling into rails. The steel, when 
rolled, acquires a fibrous structure, similar to that of wrought ir«n, 
the jiarticles of manganese suljihidc becoming elongated in the 
direction of rolling. The jilanes of weakness due to sulphides still 
exist, but are tirrayed lengthwise--a direction in which fracture i.s 
unlikely to occur; in,,the tranver.se direction (in wliicti fracture, if 
it, does occur, will be far more dangerous) there is very little chance 
of fraetpye occurring, h’or special purposes these Hbri/us sulphide 
stepls are stated to pos.sess a positive advantage over ordinary 

* O. Aniohl, MeUiliogmphhtf 3 (1900), 27.*^. • 

* H. Ix' (’hutolior ami Ziojile/, BulL iS’ac. d'vnr. 101,(1902), 308. 

* For an Opinion uomparalively favourahlo towurtl'i suiphur hoo C. R. 

llaywartl, Trtinii. Attirr. hml. Mm. JCng. 56 (1910), *>3o. ('oinpari' E. E. 
IHiuin, Mvt. <7om. Kng. 26 (1922^ 1019; F. C'. A. il. LantHl>fiTy, J i>oc. 
Chern. lull. 41 (1922), 409tt. , , 
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stwlH,^ Th(‘ so-(‘allf(i “ frcc-cuttinir tihroiis ” .stwl cojitains about * 
^ 0*15 per rent, of .sulphur.- « 

Phosphorus '* is soluble to a eonsuierable extent ii» liijuid iron 
or steel.* On solidification it partly remains in solid solution in the 
metal, causinjx brittlene.ss at low t^aniH'^atures {rald-.shortiuuss ); 
but, utu)<‘r certaiii eireumstanees. the phosphorus luay^ paratc in 
})art as a metallic pho>phide (Fe,,P or. perha|)t«. M 'J'his frcM* 

phas))hid<* is thought by .some .uithorities ‘ to do eomiiaratively 
little harm, althou^di it can si-arei“ly la* h<*iu lleial to tin* steel. 

'Die pro|M‘rtjon of plio'-phonis which will scparati* tail as a separate 
phase depends, no(h»ubt.on tIuTateof cooling, an.I on the presence 
of other elements, notably < ar])on ; in eon.se«jU<‘nee a stateinenl'of 
the phosphoniri-eontent of an allt»y does not convey any certain 
information as to tin* di'gn'c of brittI<Mi(\ss at I(*w teni])eratun*s. 
For this reason jdiosphorus is on<‘ of the most insidious impurities 
met nith. '.rhe proportiim of ]>hosphorus lH‘ld in solid solution can, 
how('\er, Im^ aseerfanu'd by tn'atin;: a sani])le of the nu'tal in acid, 
ulien tlie ])nrtion in solid .solution is (‘\(d\e<l as gaseous ))hosphin(^ 
(FH,). 

It is highly desirable that except bir (a'rtaiii special purpos(*s 
^the phosphorus-contenl, <>f steel should he kept \ery low.’ As w(‘ 
shall se(*, phosphorus lias a t<*nil(‘ney to be<'oni(* eoneentrated in 
the last solidifying portions of a mass of steel, and eonseipjently 
segregation <»t pho.splionis in certain parts of a stet*! ingot is a 
eommoii plK'iiomenon. Improved metliods of ingot-making wliicli 
tend to reduce s(‘gregation may, Imvvever, serve to rend<*r sah* the 
use of with a higher art rage eont<‘nt of phosphorus than would 
be tolerated at pre.sent During tlu* war. wfieu it was diilieiilt to 
supply the re(pjimripnts of low-j>hosporus steel, it was found 
po.ssiblft to relax slightly the restrietions regarding phosphorus. 
Thus, for slnOl-steel, up to l!)15, 0 04 per cent, of jihosphorus was 
regarded a.s the m xiinum In Oitober. lOlo, steel with 04)0 p(*r 
cent, of *■ pliosphorii> i- sulphur ” wai allf)W’'Ml, whilst later, stc'cl 
with O-OS per ei iit. of (lie two elements was found^to he safe.'* 

Phos])horijfc is very detrimenbil in liigh-earbon steel, wliieh it 
renders brittk*. In low'-earbon st<*el it is .sometimes actually a 

’ luiv -w r, 1C. H. .Sanitt;r, J. iron S(nl 94 (1910), }U!). 

E Stead, Iron Steel !nst. 94 (1910), 70. 

* Th' soiru'wlmt (•fii|ilu‘an*d ri'latioiwlnj) Ix'twcfu iron, r urlxin, and pli '> 

nlinrus w furthei uisf’ujwod l»v 4. E. SNwid, J. Iron Sl*<l Inut. 58 (1900), 00; 
9/(191^), 140; «4 (1910), ; 97 (1018). 389. 'Hn* mctho.l of detwi.u^ 

vanatiodH of plK*8p* oniH-« <>nt4‘nt by moaiiH'of ciiprir- ohioride solution Vi 
described by tin* sanie aullior. 

* H. .Tiiptnor von Jon.%lorff. ./. Jron SOel Inni. .51 (1897), 224, 

‘ Sco F. W. Har)K)rd, J. Iron Steel hmU 94 (1910), 112. * 

* S‘j 6 F. H.«Ilatch, Tifnes Eng. S^pp- (1919), 270, 
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desirable constituont. In certain cycle parts, the presence of 
phosphorus (up p) 01 per cent.) allows a clean and bright “ finish ” 
after turning on the lathe. And in the manufacture qf. the steel 
sheets intended for making into tin-plate, the presence of a trace 
of phosphorus prevents the sheets from sticking together. 

In (rast iroUj^lie presence of phosphorus causes cold-shortncas, but 
this form of iron has, in any ca.se, but little power of withstanding 
shwk, and, ooftsequently, the presence of phosphorus, is less 
(jhjectionahle thafi jn steel. Phosphorus actually confers one 
advantage, for it makes tbi' melting-point of the cast iron lower, and 
renders the molt^m metal more fluid. • 

Oxygen is rarely njct with in cast iron, hut freipiently occurs 
(p(jssihly as ferrous oxide) dissolved in molhm .steel, especially that 
made by the l!es.semer proc(«s, in which the carbon has been 
(diminated by the action of an air-blast. It is objectionable in 
more than one way, but the main effect is to cause unsoundness in 
an ingot or easting through the formation of blow-holes. If during 
th(! soliditication of an itigot the oxyg(m (or ferrous oxide) interacts 
with the carbon or carbide present to yield carbon monoxide or 
carbon dioxide, a regular elTervescenee of gas wdll oc(!Ur, the skssl 
being said to be “ wild.” Any ingot or casting made under those 
conditions will be honeycombed and full of blow-holes. To guard * 
against the d;iug<'r of blow-holes, a deoxidizer such as ferro- 
mangane.se is always added, either in the furnace or in the ladle, 
before .steel is allowed to .solidify. 'I'he deoxidizer must contain an 
element having a high attraction for oxygen which will reduce any 
ferrous oxide pre.sent; the stable oxide (e.g inangane,se oxide) 
produced should be iirsoluble in liquid steel, so that it will either 
pa.ss into the slag (if any is present), or separate a,s harmle.ss globules 
in the metal. Numerous elements have been found to fulfil those 
requirements, and in almost every case the deoxidizer is added as a 
ferro-alloy. In many instances, .notably mangaijcsc amt vanadiimi, 
the metal, if added in sutliejent quantity, has a s])ecilic aetion upon 
the sti'el, in aiidition to its function as a deoxidv.er ; such cases arc 
considered in Fhe section dealing \vith alloy steels. 'Ihe following 
aro some di'oxidizers* which have been used :— 

' Mangaiuxsc . ‘ . added as spiegeleison. 

Silhxin . . added as ferro-siheon. 

' Aluminium. . added as metal. ^ r 

... Titanium . added as ferro-titanium or similar alloy. 

Zireonjpm . . added as ferro-zirconiivn. 

Cerium . . added as ferro-ceriuni,. 

• Vanadium . . added as ferro-vnnadium. 
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In Hoveral ciwcs, the element added may render eomparatively 
harmless, not only oxygen, but other objectionable non-metals. ’ 
Thus mar,(i:anes 0 also counteracts the effect of sulphur, whilst 
titanimjj and vanadium combine with nitrogen, the presence of 
which is a cause of apjjn’ciable brittlenes-, in some sUa'Is, especially 
those pnxluced in the old botttim-blown Bessemer i' inverter. 

Manganese has already been referred to mor- than once. In 
iron ore it is almost always present, and is a welcome constituent, 
tending to rciiuee the ajnount of sulphur found in the pig-iron 
produced, and also to counteract the e\hl effects of that element 
upon the meSharncal properties of the pig-iron, .\loieover, where 
manganiferous pig-iroii is used in the manufacture of steel, the 
manganese aids in the elimmatiiai of all non-mctalhe impurities in 
the furnace, and especially that of sulphur, since mangane.su 
sulphide is far more .solulih- m slag than in molten iron. In addition, 
manganese is added very frequently as a deo.xidizer, just before 
ca.sting. and then renders both o.vvgen and any residual suljihur 
comparatively harmle.ss Care should be taken not to add too 
great an excess of inangane.so to steel, or it will actually cause a 
certain amount of brittlcin-s; the residual mangane.se .should, in 
ordinary steels, not e.xeced 2 jier cent. The striking changes in the 
property of steels eansed by the aildition of larger quantities of 
manganise (i ver 7 |ier cent.) mil be dealt with in the section on 

alloy steels 

The Defects of Steel Ingots.' It does not fall priqierly within 
the province of this hook to di.seiiss the easting or fashioning of 
steel -r any other material , but the effeet of inqiiirities upon 
steel is so closely eonni'cted with the problem of ingot-making 
that it is nei*ess,tr-*> at this ]ioint to say a, word on the subject. 
When an iron ingot-mon'd is tilled with molten steel from the 
ladle, and the steel is allowed to solidify without any special pre¬ 
caution being ol erved, the ingi.t obtained may be defective for 
at lea.st live different causes -- - 

(1) If the addition of .leoxidizer has not been properly regulated, 
the steel \«ll be wild and fioMiy, and the resultant ingot will be 
full ol blow-holes. 

(2) I.i my case, the crystallization commences at. the tstge of 
the mould, and the ery.stallites grow inwards : the ..nolc moss 
shrinks as it roflls. and by the time the whole is solid, thcro will 
be a long cavity, or pipe, running from the to]) jierhaps half-way 
down the ingot (see Fig, 34, A), Tlie shrinkage will Ixi greater 

* A. W. and H. Brearloy. J. Iron .S'<p.d Inat. 94 (Ittlfl), tSV ; J. N. KUby, 
J. Iron Ste^ Inst. 94 (1910), 193. 
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and thcircforo tho pipe more considerable, when the molten metal 
‘has been [Kjurec^ into the mould very hot. / 

(.•() Further, when tlu^ liquid ha.s been poured at a t«ngerature 
far aliove its meltinf'-point, the crystallization will commopce only 
at the cool surfaees of the mould, and the whole ingot will come 
to consist of h^ig finger-like (■rystallitoa extemding from the edge, 
and meeting one anotfier as shown in Fig. .‘14, B —in diagonal 
line.s, which conit to be planes of weakness. In casting from 
a lower te.miHTature, erystal-nucdei may be formed spontaneously 
in the centre of the ingot, and the grains in the interior nyiy bo 
of the normal “equiaxed” variety. Thus the special planes of 
weakness will be avoided. 

(4) Certain impurities in the steel - notably phosphorus tend 
to become segregated in the last solidifying jxirtions. The iron 
which first crystallizes is comparatively free from phosphorus, 

_ whilst the central and last solidifying 

I tf [ f j [xirtions f)f the ingot is very rich in 

I j 1 t phos])horus. Thus, although the pho.s- 

I ( phorus content of the liquid steel may bo 

1 extremely low, the local jihosphorus eon- 

I tent of certain parts within the solid 

ingot l)ecome.s dangerously high.* When 
alllkx. afterwards rolUsl for in- 

- ySUHlU stanee into rails, parts of the rails may 

lA* contain mori^ phosphorus than is safe. 

Kid. lit. -Di'toi'is Ml Inunts. Numerous serious railway aecidents— 

(A) l’i|>e, (If) I'liiiu'S el • IT ,1 • * 1 ■ 

VVi-iikiiess especially those occurring on American 

railways- must jirobably be regarded as 
tho indireet result of segregation. ^ 

(o) Where a long pijxs has been produced^ and the mould is 
open to the air, atmospheric oxygon may cause the formation of 
oxides in the interior of the ingqt, and on rolling into rail, these 
oxides may be tho cause of Haws. 

t)f these defects tho first (blow-holes) can be largely eliminated 
by suitablo furnace conditions, and the pro|)cr reguladon of tho 
deoxidizing charge ; the third (diagonal weakness) can bo over- 
cojuo by casting at, a moderately low temperature. , The fifth 
defect (atpiospheric oxidation) is avoided at some works by intro- 
duejng the steel into the, mould through tho bottom, and excluding 
tho air; this method, however, i.s a])t to bo waateflil of m; teriql 
a.s tile .steel left in the ehamwls fts'ding tho mouldfThas afterw'ards 
*to be treatetl as scrap and remelted. 

Tlie main troubles to be overcome, however, are piping and 
> J. K. Stcnil, ./. /rOTi'sicd/ii»/. 91 (IDi.'i), 140. , 
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segregation. Piping can bo avoided and segregation can ho ro- 
duoed by tlio sysh'ni known as the “feeder hei^s.” Hero tho * 
top porfios of the mould i.s lined with firebrk'k, whioh, Itfring'a 
bad coniliictor of heat, keeps the steel at the toj) li<|iiid. When 
shrinkage occurs in the hjwer part of the iiionld, molten steel 
descends from the to]), and ])r)'vents the forimPkn of a cavity. 
^Wilh ingots produced by such <1 niclhod, it is only ni'cc.ssary to 
discard •about 12 per i-cnt. of the total .steel, wtiilst in an ingot 
produced without a feeder head at least 'io per cent niust be 
8erap[^<l, owing to ])il)ing. .'•tir It, Ihilllii'ld has'IJiinoM'd the 
process by applying heat to the .steel .surface so as to kee|) this 
portion liquid tintil the very last momiait ; little slag is ])lai;e'l 
on the surface, and <'overed wdh hot I'han'oal. which is kept aglow 
by means of jin aird)last. This process is u.sed on ,i large scale at 
Shellield,' 


Alloy Steels 

fJeneral. It Inus bi'cn stated above that, in onhnary “ (•.irboii 
steels,” the change 

Ansti'iiite -> pearhte 

can oidy be arrested by \ery rapid cooling, and that the aricst 
apj)ears, even in fliat ease, to be only parti.al, an inU'rmediato 
])roduet (m;irt('nsitf‘) being ol)tained Wlx're. howet'er, tln're are 
other metals ])resent in solid .solution in tin’ austenite, the eliange 
can tie controlkal imieh more easily 'I'he presence of niidrel in 
steel leduees the temperature at which the .Ar, tran.sforni.ation 
occurs: and, since all reactions |iroeeed more slowly at, low lein- 
|X'rature.H than atjiigh tenijH ratunvi, a eom|iaratively slow cooling 
may be suflieient to inhitiit the formation of jicarlite. Thus a 
steel with 7 per cent, of nickel, when cooled slowly, will behave 
jirst in the same way as a sinii'ar steel without nickel behaves 
when quenched ^ The .structure obtained in a nickel steel may be 
austenitic, martensitic, *roo.stitie, or jiearlitie, according to tho 
rale of cooling and also aeco'-ding to the niekelmoiitent; at a 
con.stant erioling-rate, a high niekel-i ontenf, t uoiirs the retention 
of austenite or martensite, whilst in the low-iiiekel .steels troost.te 
or pearlite may la- obtained. 

Th.i aifditirin of chromium to steel actually the tern jieral ure 
at which the A, ehangi- occurs on very slow cooling, but it has a. 

• 

1 Sir R. Harllioltl ond (J. K, RurgOHs. J. hvo Sti'tl Juxl. (1915), 40; 
J. E. J Iron ,SU>el Inst 101 (1920). 79, HO. 

• Compuro ('. A. EdwartlH, Enq>ni'prni.fi...XOS (lOlH), 2>)7. S'H) ttlwo H. Sc'j4t, 
(J. a. But. 6'ci Paprr, So. 376 (1920). 
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apccilic influences in reducing the velocity of the change. Thus 
steels containing 01 per cent, of carlxsn and f-22 per cent, of 
chromium are martensitic even if quite slowly cooled; jbut it can 
be .shown that if the steel is cooled with quite exceptional sjowness, 
a troostitic or oven pearlitio structure can bo developed.' 

The advantages of obtaining the hardened form of steel without 
({uonching (a process •which is always liable te) cause internal 
stresses) will be (Jlivious to all. Steels containing sufficient alloying 
element to attain hardnes.s on ordinary cooling in air are known as 
“ air-hardening ” or self-hardening ” steels. • ^ 

The addition of manganese to steel likewise rendirs it easy to 
obtain a marteiwitic, or even- if sufficient is added—an austenitic 
structure. A 1 per cent, carbon steel containing 5 per cent, of 
inangaiuiso is wholly austenitic when quenched, but the amount 
of manganese needed to obtain austenite at ordinary temperatures 
must be increased if the carbon-content is reduced.' Here also 
the structure dc|xmds on the rate of cooling; a steel which is 
austenitic if cooled in the ordinary way may be martensitic or 
even pcarlitie if cooled very slowly. T’hc typical polygonal aus¬ 
tenitic structure of a water-quenched manganese steel is shown in 
Fig. F of the frontispiece. 

Austenitic steels often become inartensilic if cooled in solid * 
carbon diovide or in liquid air; the changi^ produced can most 
easily be demonstrated by the fact that the steel which is non- 
niagnetii! before, the low-teinjieraturo treatment is iimdered mag¬ 
netizable by that treatment.-'’ 

Whilst the main etfect of adding metals to steel is to restrain - 
the A, tran-sforination, th<-ir pre.sencc naturally has a specific effect 
u|«)n the steels. The metals of Group VI a (tungsten, molybdenum, 
and chromium) form hard carbides which’’{lossess considerable 
stability even at high temperatures, and this is probably an 
ini[«)rtant factor in determining the properties of tool-stesls 
containing those elements. 

The function of vanadium in steel has been much discussed. 
Some writers l*ivo asserted that it acts mainly as a “ scavenger,” 
removing oxygon and, nitrogen from the steel. It has, however, 
other imjiorlant fmu-tions, whii-h are still not eidirely pnderstood. 

‘ C. .\. .1. N. IJn-enwoeil, titul H. Kikkawii, ,/. Iron Siceilnut. 93 

(ItUC}, 114. rompnre .A. Portevm. Comptes IlcmI. 153 tlllll}, 04; «|0 also 
A. M. .Masloff. lift', ^^rt. {KrtmU.^) 15 (1918), 37 ; ,1. Ite-ll. Monypenny, 

,1. Sled Iniil. 101 (1920), 493; K. Itiissell, ,/. frtin Steel Inst. 104 
(1921). 247. • 

*' “ ,T. H. Halt, J. Snc. Cht'in. Inti. 34 (191.7), 77,'gives a eurVe eonnoctmg tho 

lu'eessary manganese content with the carbon content, ^ce also A. I’ortcvin, 
Ctmptes Hend. 165 (1917), 62. - 

* Comptfic J. Hopkuiaon, Tree. noy. Soc. 48 (189^1), 1. , 
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Carbon hsis apparently a greater allinity for vaniuiiiim than for 
, iron, and in vanadium steels much of the earhmi exists as the' 
carbidc.VjCa and not as ceraentito (FcjC). In faJt, in steels con¬ 
taining jnore than about 5 per cent, of vanadium practically all 
the carbide is present as V.Cj and none as Fe/’. I’he carbide 
VjC's resembles FcjC in many ways, hut it appears to he less 
“mobifo” and docs not readily segregat*. Consecpiently steels 
which c^)utain iii the place of FoaC remain *t’ne-grained even 
under conditions which would produce a eoars» gruin in ordinary 
steels^ likewise they do not readily pass irom the troostitio or 
sorhitic condTtions into the softtT ct)julitioM associated with the 
presence of laminated pearlitcd Vanadium steals .aie also harder, 
andhavea higher elastic limit anil tensile strength, than steels con¬ 
taining iron carbide, although possibly owing to the fine grain 
the increase in hardness is not accom])anied by any ap|)reciahle, 
increase in brittleness. Con-seipicntly vanadium is a beneficial 
constituent in steels of many kinds ; its fjivourable intluence ujsm 
the high-speed tool-steels containing molylKlenum or tung.sten is 
especially remarkable, and will bi' relerred to again. 

1 he special constituent of an alloy steel is usually introduced 
^as ta fciTo-allo}^, although in tlie ease of mekel steels it is commonlv 
added as metallic nickel, 'I ungsUn is sonudiines added as firro- 
tungsten, -someiimes as tungsten powder. If the iatts'r maUrial 
is employed, great care must be taken to en.sure that it dissolves 
i.ompletely and becomes distriliuted uniformly throughout the 
molten sb'cl ; there is a danger that- the tungsten may sink to the 
botO'in of the erucible and remain undissoha'd. With ferro-tung- 
sten, which has a much lower midfing-jioint than jnirc tungsten, 
the danger of segri^atioii is much Icss.^ 

It IS now possible to dcscrilx' liriclly the main classes of alloy 
steels. ^ 

'Manganese Steels. Until about IKH3, the employment of 
manganese in sti*(*l was conlined to tl^^i adilition of small quantities 
as a deoxidizer : the j»resenee of any amount exceeding about 
3 per ei'nt •was earefully avoii^-d, as it. was knowii*to cause brittle¬ 
ness. It was, however, di.seovered by ll.idtield ' that the addition 
of 7-.jj»‘r«cent. of inaiigane.se causes an entite change in the char¬ 
acter of the metal, and the manufacture of manganese si is;l, f lie first 
of tke alloy was commenced shortly after this diecovovy. 

• Commercial manganese steel may contain 9-14 jwr cent, of 

manganese. When b-ated to l.fKtti-l,UK»" and quenched in 
• • • 

O. Arnolfl'antl A. A. Itoad, ./. Imn SUH In-il. 85 (HH2). 215. 

*.l. W. \Vt•lt^^•rlk^>^a, M>t. Chvm. Ung. 26 (1922), 504. « 

•'ll. A* Hadfield# i'^roc. lust. Civ. Eng. 93 (1888), 1. 
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wat(T, tli(' structure becumes polygonal and wholly austenitic 
(sc(^ Fig. F of fj-ontispioco). It is almost invaluably used in the 
austenitic condition. If annealed at 500° 0., the austenit^ begins 
to break uj) and the alloy becomes brittle and useless, agquiring 
at the sanu! time a needledike structure similar to that of marten- 
utie carbon st(^l. I'lie fact that annealing destroys the value of 
manganese steel ^is a great hindrance to its more frequent use. 
dnee it is inqiositlble to remove the internal stresses which result 
from the quenching. ^ 

Manganese steel in th(! unstenitu; state is e.\tremefy re8istj.nt to 
wear; it is usually described as very hard, but actually it gives 
i rather low hardness valiU! when sidqeetcd to the indentation 
test. It can be made to “ flow ” perceptibly when struck by the 
liammer. Thi'se properties are diu^ to the. fact that the material 
has a rather low clast ie limit, combined with high tensile strength and 
‘longation. Its e.xtraordinary resi.stance to wear is probably con- 
iieeled with the same fact. Manganese steel is used for the jaws 
)f roek-erusliing machinery and on railways for switch-points and 
for the rails themselves at sharp curves ; in the war it proved 
valuable for steel helmets. But the very properties whieh render 
it .so valuable in .service make it practically impossible to m.aehinc, 
and this fact has greatly limited its use. 

In the austenilie (y-iron) static, manganese st(‘el is non-magnetic. 
However, it ae(|uire.s magnetism when heated at 60(1- 525° (1., the 
return of magtietie properties being accompanied by the appearance 
)f the aeicular (martensitic) strmdure, and of tlu^ brittle condition 
referred to above.* The transformation from the non-magnetic to 
the magnetic form is accompanied by the evolution of heat. 

Nickel and nickel-chrome steels are lunv j^stvl on a very large 
scah^ by engineers for constructional work,- being better capable 
of withstanding alternating stresses (such as are continually present 
in iiubistrial districts owing to high-speed maclvnery, etc.) than 
are ordinaiy steels. Nickel sjeels have proved valuable for bridges, 
and niekel-ehrome steels are used both in (veroplane and motor-car 
construction, 'fhe composition emuloyed varies with tjio purpose 
for whieh the ste<'l is intended, but a steel with 3 per cent, of nickel, 
l-o'per cent, of ehroifiium, and 0-U per cent, of carbon h^a proved 
generally »;''fid. As in the ease of manganese steels, many of the 
valuable properties are only developed after hcatetjjatment.rbut 
in the^varieties comparatively rich in nickel, quenchiiig is not neededi 
^ir-eooling from an appropriate temperature gwes^ the desired 
character ; this is a great advantage, as it avoids the internal stresses 

R. A. iiiul R. Hopkiiison, /mn Skrl Inst. 89 (1914), 100. 

* C A* H. Lantiibern’. J. Soc. Vhem. Ind. 36 (U)17), 983i 
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which quenching invariiil)ly producer. Tlie varieties low in carbon 
are excellent for ♦ase-hardciiing. Nickel and iiiekel-ohronie steels' 
have pj|ov(|d very valualilc in this country in the “ dro]i-forging ” 
industry- Nickel-manganese steels, containing also vanadiiiin, 
were employed during the war for tin- manufacture of shrapnel 
helmets. * , 

Chromium steels (containing 12 ])cr fent. of chromium and 
f)-3 perVent. of carbfin) are much used for stainless cutlery ; they 
re.sist corrosion wonderfully well. This maljci^will he considered 
fiirtht^ in the*.section on the corrosi(ai o< iron anil .steel. .Another 
class of chroflio steels is used for the inanufacyne of permanent 
magnets.- High-carbon ehronni steels, made in the electric furnace, 
havi- proved \ aluable for hall bearings ■' 

Chrome-vanadium steel is in very great favour in .America, 
ow'ing to tin- great range of propertie.s which it, can assume by 
[iroper heat-treatment, aided by case-hardening ; it has been u.sed 
for gears, sfirings, axle-.shafts, the cones and race-ways of bearings, 
dies, and numerous other purjioses.^ 

Steels containing tungsten without other sjH-eial element are 
u.sed for some ])nrpo.ses, for in.stance, in the mannfucture of ])er- 
•inanent magnets. Hut the main importance of tungsten to the 
sleel-maker is its employment, along with ehroniinm and vanaxiinni, 
in the inanutHctnie of high-speed tool steel. 

High-speed Tool Steel. 'I'he ordinary high-carbon steel, 
hardened by ipienehing and subsequent tempering, is quite satis- 
• faetoiv for tools employed only at low leni|ieratnres, but it will 
clearly be useless for high-speed work in which the tool may become 
red-hot. since at that temperature the return of the steel to the 
comparatiM-ly ,so?t ^i-arlitie condition will .soon occur. 'The steel 
required for modern high-speed tools nu.'.it ])osse.ss “ red-hardness,” 
that is. jsiwer to withstand high tenqieraturcs without softening. 
This is rendered "possible by thc\iresenee of tungsten or molyb¬ 
denum in solid solution in the iron ; eflher tungsten or molybdenum 
can prevent the .softening change referred to abifvo from taking 
])lace, and retain the a'teel in*a hard condition. 

'I’he modern high-speed steel ha-s, besides *■011 and ear bon, tiU) 
es.sen(Wf flinstjtnents, namely, 

tl) lung.step or molybdenum; 

, (2) ehroi??lum 

• •• 

• * 

‘ J. A. Kwj. 20 (1019), UIH. 

* K. (luKiiH'h, Stahl u. EiHfu, 42 (1922), 41, 07. 

* F. T. Sisett, Mtl. Chnn. Kiu/. 26 (14)22), “1. « 

* F. .1. (l^/t , 100 (1917), 200. Tunm Ktiij 17, l9l 
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In addition, they very eoinmonly contain 

(3) vanadiu^m, t 

the prcHcnce of which is practically essential in the cas^^ of^molyb- 
deniim sUals, and certainly adds greatly to the efficiency of ^ungsten 
strwls also; certain steels containing vanadium can bo quenched 
in water from white heat without fear of cracking. The advisa¬ 
bility of replacing tungsten by molybdenum appeared at ohe time 
open to questioif; the amount of molybdenum required*in tool 
steel (f) () ])er cent) was known to be much smaller than that of 
tungsten (14-20 per c<int,L but the molybdenum steels were found 
to be erratic in character. The recent work of Arndd and others 
has, however, e.stablished the fact that certain molylalenum steels 
containing vanadium are perfectly reliable.* The amount of 
ithromium in a high-speed tool .steel is usually about 4 j)er cent. ; 
that of vanadium jKThaps 1 per cent., whilst the carbon-content 
is often about O-ti per cent. 

Before a tungsten-chrome steel tool acquires tlu^ needed pro¬ 
perties, it must be heated to about 1,300“ C., and then quenched 
in oil or in an air-blast (water-quenching is used for some steels). 
Art old method whirdi is still largely used is first to quench the 
deel from its high temirerature into a bath of molten lead atalxrut 
1)20° (I., followed by further cooling to ordinary temperattire in* 
an oil-bath. The objei t of the heating at the e,\trem<’ly high tem¬ 
perature (l,30t)°C ) is to bring tungsten, wineh e.xists in the tool 
as a rather stable tungsten carbide (VV(') or as iron t ungstide (FcijW), 
into .solid solution in the iron, and this reipiires an I'.xeeptionally 
high temperature- The limits of temperature vithin vvhieh the 
tool may be heated are rather narrow; one particular steid, for 
instance, requiies to be lieatefl to a temperature between 1,300° 
and 1,320 'C.* If the. temperature is too hi?fh, the steid will bo 
" burnt ”; if too low, the tungsten will remain undissolvcd, and 
the steel will have little or no superiority to an ordinary chromti- 
steel. One function of the ehroMiiini in the ehronie-tungsten steels 
is thought to bo that it. assists in some way the entry of tungsten 
into solution; 4f too little chromium (e.g. less than 3 per cent.) 
is present, the eompV'te solution "^of tungsten does not readily 
oc(iur. When the ( (editions are right, sections of the jteel, after 
cooling, stjpuld be austenitic, consisting of largo white^poiygonal 

>.f. O. ArnoW, Kiitiiimr, 129 (1020). 480. ' * 

* C,A. lildwards ami H. Kikkawa,./. tn>n Slrel lintt..92 (191.')), 6. Compofo 
A. H. d'Arcambal. Mi t. Chan. Knffx 25 (1921). 1108. .1. A^atthows, J. Ainer, 
Bor. jfVrt. MatM9 (1919), Part II. 142. thinks that the temperatures suggested 
by Kdwnrds are tan high. H. K. tigilvie. Ktnjtnirr, 1^4 (1922), 282, says 
1,250” to 1.3(81“ t', * 

H. .Andrew and U. W. tiiveu, Iron Strel InnL 99 (1919). 305. 
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grains, comparatively free from Ciirbide or tiingstide particles. 

After the hardening at this high tcmperatme, the tool is some- * 
times gij’ci^n “ secondary hardening ” by heating at about GOO'’ C. 
The aus^nitio (polygonal) stnusture disiippeius during this process, 
and is replaced by a granular, patchy or spotty structure ; some¬ 
times an acicular (“martensitic”) appearance is pnid\K('d.* The 
cutting Efficiency of the steel increases duriiifythe secondary harden¬ 
ing, whifli is often regarded as bringing the steelnnto a condition 
analogous to that of niartensith^ carbon steel, t Only .steels con¬ 
taining tung.stmi (or molylKlenuni) in soli*tion are liardeiu'd to any 
extent Til this iray by treatment at GOO' ; the beha\ ionr is shown 
by tungsten steels free from chromium, but the degree of hardness 
attained is considerably enhaneed by the pre.senee of ehromium. 

The numerous changes ivhieh <«'eiir during the In-at-treatment 
of high-speed tool .steel are, however, .somewhat complicated. 
Arnold and his co-worUers have i.solated tin' following eonipounds 
from sk'els containing ehromium, tungsten, molybdenum and 
vanadium.- 

(V.,(’., WO l'V.,Mo„(' 

Or^O I'e.W 

2FeHO.:«'r,(t 

^ome of these .substances are extremely hard, and no doubt 
fulfil an imitortant roir, in the steel. It is slated, for instance, that 
a good tool steel should, in its final state (after .secondary hanlening), 
have minute hard globules of the tiingstide FcjW distributed 
uniformly throughout the tough ground-mass , these are supposed 
•to ait like the teeth of a saw'-' Much work has been carried out 
upon tile transformations occurring in high-speed steel, the magnetie 
method being ii.sejl- as well as the thermal method to detect 
changes. But many points remain undecided 

Other Special Elements in Steel. Cobalt has been used in 
allSy steels to .soige extent. Thetfobalt steels are understood to 
resemble nickel steels in mochaniein properties , they are .said to 
with.stand corrosion well.* Of especial interest arc the magnetie 
properties of^'obalt steelg. By employing a steel coritaining 3.1 per 
cent, cobalt and other elements for the eoiiEtruction of magneto- 
machi Mfi. ij is hoped greatly to reduce the%izc of the inoipift 
needeoand to simplify the design of the machines * ■f' 

* H.V. H. C’rt^fcinlcr, J. Iron Strd InM. 71 (1006), 383; C. A. Kdwsriis 

an^ H. Kikkawa, ,7. /ggi Sieel Innt. 92 (1915), 24. Excellent niicmptiulns, 
of ttio Hteela tjotii m^ho quenclied and anaoalod ronrtifioiiN are uIho iriveii 
by 0. A. Edwnnbi, J. Iron Infd. 'll (1008), 104. • • 

n .T, O. Arnold nndT. Jbbotaon, .7. Iron Sirrl InMt. 99 (1010), 407. 

® K. Honda and T, Murakami, J. Iron IhmI. 101 (1020), 047. « 

* E. A. Wal^n, J /t^t. A’bv/./ing. 59 (1021), 452. s 
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Proposals have been made to use urflniuni in the place of 
tungsten in high-sin-ed tools ; but owing to i^s easily oxidizable 
character, it appeals to be unsuited for this ty[)e of ^ocl.* Pos- * 
sibly it may prove valuable in other special steels. There is no 
reason to think that uranium can confer any properties on steel 
which cannot he obtained by the use of other elements (chromium, 
nickel, vanadium, etc), but it might bo used as a substitute for 
these elementH,< 't’lic accumulation of uranium residues as by- 
(irodue.ts at the iadium works is stimulating research upon the 
subject of utilizing \lio.'^‘ residues in steel-making* The difficult 
jiroblem of making a ferro-uranium with fairly low «arbon-€ontent 
has now apparofltly been solved,^ 

The use of zirconium in the steel for motor-ear construction 
has been advocated. It is claimed that owing to the great 
strength of zirconium steel the thickness of certain parts of the 
structure can be reduced by tho use of that material. Recent 
work has indicated that the function of zirconium like the function 
of titanium is merely that of a seavengei ' 


COKUOSION AN'l) Ki-.STINO OI' lliON AND S'mKr. 

TTie corrosion of iron and steel is a subject of immense (iractiei#’ 
importance, and of some small eomple.xity, I’nictically all com¬ 
mercial grades of iron and -steel are essentiallv heterogeneous, and 
electro-chemical corrosion couples are readily set up ; it is probable 
that nearly all the corrosion of iron actually met with in practical 
work is of an electro-ehemieal character, Lambert by e,\erci,sing. 
e,\traordinary precautions siiceeedi'd in preparing iron so ])ure 
and so uniform that it did not rust when placed in water containing 
oxygen ; but the smallest amount of imp'frity (e,g, a trace of 
]ilatinum deri\ed from the dish employed in the |ireparation of the 
material) was siillicient to eau,se rusting; or again, liK-al pressure 
upon part of the iron surfaee^aas eajiable of Anisiiig a corrosion 
couple between the stressed And unstre,ssed portions,^ It is evident, 
therefore, thati'he amount of heterogeneity' reejuired to enable active 
corrosion to take placi^ a.ssuming the other'eonditions aVe favourable 
-is very small, 1^ is wrong to assinne that, under working con¬ 
ditions, cast iron wlheh contains a large [iroiiort ioi» iW-foreign 

tSeo I't- I*olu.shkin. r. Met. 17 {11120), 427 ; ,1, aW**'Ih'\\s, j!' Amer, 

.S(H\ Test. Mat. 19 (HMO), I’art 11, j>. l.)3. ,, • 

* ft. 5!. Kooiu'y. UML Min. Kuff. l4u-» 11^18), 1321. 

".1. (.Sarytuw, ihtlL Sov. d'Kttc. 131 *’48. • 

■* l linr. Stand. Tech, raper, 207 • 

B. TjujilH'Vt nn<l J. C. Tlioint^n, Chim. Sov. 97 (1010), 2420; 

RvLninbtSt, Trau.-t. Chem. Soc. I()l (1912), 2050.^ 
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substance will necessarily he 'corroded more readily than mild 
steel, which contams only a small anuHint; even the mild sh-el is 
quite suffi^ently hetcrogeneoiis to cause very nij)i<l corrosioti if 
other conditions are f^vourahle. On the other hand, the character 
of the surface exposed is undouhtedly of some importance Most 
metallic artiefes have a skin of comparatively uniform character 
ooverinj? the surface, and, if this skin is i'moved at any jx)int, 
exjmsitq^ the more heterogeneous portions helow. c jrrosion is likely 
to occur; for instance, where a thread has heen cit in a cast-iron 
pijie, corrosion may set in, even though the u.ihroken parts of the 
surfaesha''e u.-affected.* 

The occurrcnc(! of corrosion is, howin er. detenmned more hy the 
character of the liquid in whkh it comes into con.tact and hy other 
external conditions, th.m hy the purity of the metal. We can 
dLstinguish three main cases :~ 

I. Corrosion hy accompanied hy evolution of /((/(/ra/cn, qns. 

If. Corrosion hy immersion in mtlvrfi amtaiiiing ilisnohril oxijgf.n 

(“ rusting ”). 

111. (Virrosioii occa«i<)iu*fl hy draif electric currents. 

I. Corrosion by Acids. 'I'liiH taso is romparativcly iiiiiinpor- 
,, Uint, and also comparatively simple. (Virrosion cmijilc.- of tlio 
type 

Ihmi Acid (.’atliodic substance 

I (such as (‘(‘lucntitr or ^rapliitc) 

arc set up. Iron passes into solution at the anodic jiarts of th<‘ 
suil.icc yi(‘kling a soluMc salt, ajul hyilrof^cn apja^ars m huhhics on 
the (.tthodic portions. As in all cases in which j/ases an* (*v(»lv(‘d, 
considcratums of suHact* energy' (oct) jxih ntial) (‘nb‘r into the 
matter. Tin* charticCfT of tin* fotei^n subst.mee whirh constitutes 
the catliodic aiciis ?nust I * taken into aecounl. and pnihahly also 
thii' siw* of the particles Pr»>l)ahl\ this ih tin* reason why east iron 
disHolvf's in dihite iiydroehloric or s ijihurii aeid very mueh (juieker 
tluin mild steel, although, in tin; ahsein • of a' ld, ca.st iron and stiTi 
undergi* ‘'rusting’' at i bout the same rate. The dissolution of 
grey cast iroft soon ex])oses graphite, which h 's a low ov(‘rpot(*ntial 
value, and is an ideal oatlnxlic substame lor the corrosion couple; 
there ir grirdiite in ordinary steel. 

With nitric acid, the conditions are rcvers<*d.- J^ropahly (a«t 
iron when h. Immersed in nitric acid commences to pass into tiie 
corahined state very luicjdy ; that is ip say, tlu* enrrent d<.nsi< y at** 

* Compare tins (ant <k*;.cnbo(l by \. It. Hnellcv, J. Sor. fxd. 36 

(1917). 1071. 

* W. D. Kifhardaon, Traux, Anur. /e«t. Chnn. iCng. 13 (192*' , j, 

M.C.—VOl?. III. 
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the anodic portions of the corrosion couples is high. But this very 
' fact renders the metal passive, and cast iron is, i‘ in the long run,” 
less attacked bjf nitric acid than is steel. It is also worthy of note 
that concentrated sulphuric acid has very little action on cast iron— 
a matter of some importance in chemical industry. 

It is interesling to observe that white cast iron, which contains 
no graphite, is muchjc.s.s attacked by dilute non-oxidiziflg acids 
than grey oist iren. If a casting is chilled sufficiently to ptodiice a 
white sHrface-lay(g, it is comparatively immune to the action of 
acids, even though flic interior is grey. . 

The rate of attack of cast iron by acid.s is moat rcintfrkably 
reduced by the presence of silicon. Modern acid-jiroof iron contains 
ladween 12 per cent, and 19 ])er cent, of silicon, but the alloys of 
this charact(^r arc e.xtrcniely brittle. They are nevertheless largely 
used for jrlant in sulphuric acid and other works. Their non- 
corrosive properties—which arc very remarkable—are probably 
due to the formation of a protective skin of silica, which is 
undissolved by acid. 

It should be understood that the of corrosion of iron or steel 
by acid gives absolutely no indication of its behaviour to ordinary 
tmter. The so-called “ acid immersion tost ” for determining the 
liability of iron or steel to “ rust ” is utterly useless.* To give only ' 
one example, the addition of 2-4 per cent, of molybdenum to a 
certain steel has been found to increase its corrosion by 10 per cent, 
sulphuric acid about six times, but slightly reduces the rate of 
attadc by tap-water.® 

11. Corrosion by Water containing Oxygen.® In the ordinary* 
■' rusting ” of iron by watr^r, the presence of dissolved oxygen is 
nwded. The oxygen acts as a depolarizer, and removes the 
hydrogen from the cathodic portions in a maimer which involves 
•- no evolution of gas. For this reason the “ overpotential ” value of 
the cathodic )iarticles is of no s[K‘einl imiiortanee,. Nor (if we limit 
our survey to the eommereir.h forms of iron) is the ” purity ” of 
the material of importance ; steel is just as liable to rusting as grey 
cast iron. The factor which limits the rate of corrosion is generally 
the rate of the diffu-son of dissolved oxygen to the surface of the 
iion.‘ 

The iron enters the ionic condition at the anodic portlonil'of the 
surface, yieldinga soluble ferrous salt, whilst the reipoval of hydrogen 

* Si‘6 A. S. Ciwhniaii, Tm/i.i. Fantday Soc. 11 (1915-1(5), 240. 

* L. Aitclunori, Tmng. Ght'tn. Soc. 107 (1915), 1531. 

‘ » W. A. Tililen, Trann. Chem. Soc. 93 (1908). 1/550 ; VVt H. Walker, J. Amer, 

Chvnb. Soc. 29 (1907), 1251 ; K. Heyn uud O. Bauer, Kgl. Mat. Frufung- 
26 (19(W), 1. 

4* Say Ui.K. Evans. J. Ingt. Md. 28 (1922), 119. 
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ions at the cathodic portions leaves the solution alkaline at these 
points. If, for instance, the water contains a little 8(Klium chloride, * 
the iramcdjpte si.luhle produ(t.s would be ferrous Vhloride at the 
anodic portion.s and sodium hydroxide at the eathodie portions. 
When these diffuse to me<*t one another, they may interact and form 
ferrous hydroxide. This wdl not, under ordinary cireumstanees, 
be precipitated a.s such, being comparatively soluble ; but it soon 
combines with further ox\gen, yielding ferric 1 ydroxide. The 
ferric hydroxide first up|H'ars in colloidal solution, hut is finally 
prccipitaUal in the familiar yellow-broan form, often .it an ajiprt'- 
ciable tlistauc- from the metallic surface. The growth of fi'rrie 
hydroxide from rusting iron lias been studied under the miero.seopc. 
'I’he hydroxide often a.ssiimes . urious globular or thread like forms, 
remini.scent of the growlh of living organisms.* 

The rust not being formed in elo.se contact with the metal, and 
being of a non-compact character—will not protect the metal from 
further attack. In fact, it may actually stimulate hx al corrosion in 
indirect ways (as explained on i>.ige -tlH, V^ol. I).'* 

The essentially distini't eharacti'r of the reactions at the I'athodic 
and anodic areas of iron is well shown bv means of the .so-called 
"ferroxyl indicator.” A surface of iron or stiicl is coveri'd with a 
anlution of gelatine containing a trace of potassium fcrricyanide and 
phenol-phthalcin. This liquid soon produce.s a film of jelly over the 
surface of the n < tab The iron gradually undergoes corrosion. 
Ferrous chloride is formed at the anodic portions, and reacts with 
the ferrk^anide to give a blue ]ireci])ituti‘, whilst the alkali |)rodticed 
at '.he cathodic portions yields a pink coloration owing to the 
pre,sei,ee of phenol-phthalein Thus the whole surface of the 
metal becomes a. mosaic of blue (anodic) and ]iink (cathodic) 
jiatches.-'* • 

Although the presence of oxygen is the main factor in detminiiimg 
th« rale of rusting, other matters are of some importance. The 
presence of ehloridos—as u.sual—i. voiirs lorrosion, because they 
prevent the iron from becoming ))assivc Acidity favours corrosion 
for the same reason, and ilso because a high hydrior. concentration 
is clearly coifducive to tiie reacuon at the caihodic jKirtions of the 
corrosion couple. Thus waters containing salts of magnesium, 
which«t.,i:r*‘ an leifl reaction through hydrolysis, have bi'en found 

’.A. Ackenmi A'o/h ZuUch. 28 (l»2l), 270. 

iCornpnri' also ttio tlieory of .f. .4. N. Fnond, Trans. Vhem. Soc. 119 
(19201, 032, who tliut colloiilal iromhyilroxide acts as an o\ygen- 

carrier. 

*W. H. Walker, .7. .4mrr. Chrtn. Sor. 29 (1007), 12.7. Alsu .\. IS. (fushinan 
and H. A. (tnrdner, " Corrosion and Preservation of Iron and ,Slss*l ’* (Meftraw 

Hill). * . ^ 
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to bo especially corrosive,’ and the same applies to some waters 
containing free carbon dioxide. Nevertheless, many of the “ acid ” 
waters used fof industrial or domestic puriwses, are a|so “ hard ” 
waters, and are apt to dcjiosit a scale of calcium carbonate upon 
the mfdallic surface, which may protect the metal.'’ Thus attempts 
to treat acid .waters with alkali have not always resulted in a 
diminution of corrosk)n, but sonudimes the reverse. Distinctly 
alkalita^ wabm iend to allow the iron to become pa.ssive,.and are 
thus unlikely to pau.se nesting. 

O.xicli'/ing substanhes lyesont in the water .sometimes act in the 
same way as oxygen. The presence of a trace of free ohibrine— 
or of sodium hJ|)ochlorite—in a water supply which has been 
sU'rili/.ed with oik^ of these substances vviil act as a stimulator of 
rusting.” On the other hand, chromates act in tin! opj)osit(! way, 
since they naider the iron pa-ssive. 

Where the water available for the feeding of boilers is of an 
unsuitabk^ character, it is often subjected to preliminary treatment. 
The forms of treatment include:— 

(а) JieiiKwal of dissolved oxye/en by the addition of a reducing 
agent such as tannin,' or ferrous sulphate (in the presence of alkali).'’ 
More often the water is heated, or passed over scrap iron, to remove 
the oxygen." Numerous plants for preventing corrosioii by the!*t' 
means hav(^ beem desigiual. 

(б) Addition of ulkeiline. subslaiicM, such as lime or sodium car¬ 
bonate, to remove the a<a(tity. 

{(•) .\(ldition of jiassifiitiiuj mjenls, like chromates. Thv.' amount 
of chromate needed to render iron passive de|«'nds mainly on the, 
amount of chloride present in tln^ water. 

As regards the (luestion of the relative merits of diderent kinds 
of iron (caist iron, sleek puddled iron, etc.), ',t- dannot be said that 
1 there is much to choo.se between them. In all these kinds, there is 
usually siillii'ieut heterogeneity to jnoduee corrosion at the maximum 
rate which the supply of dissolved oxygen iMTuiits. Under some 
conditions, one type of inata'ial may pro\ e rather betU'r, and under 
other eireumsfauees another.’ The saints applies to steels made by 
diderent processes; llesseiuer anOi open-'hearth steels, basic and 

t * , 

’Ctomporo also ttio rapui corrosion of pipes laid in ftorel (omclTl, See 
E. K. Kidijil, J. Am. Ktiij. 4 (lt>13), 245. 

, * ronuiaro J. Tillmaiui.s, (them. /.eit. 39 (11115), 815. '» 

"11. L. Clark and H. H. l 3 elo,v, J. hut. kntj. (.^htm. 12 (llt2it), llltl. 4 

* E. O. .laekson. J. Aoe. Chein. Imi. 40 (1921), 2 t>la. 4 . 

‘ ‘ J. W. Cabb and 11. DoiiRiIl, J. Soc. f-'Arta, Iml. 33 (1014), 403. 

" K. N. Spoiler, Ttqhk. Amr. Kleetrochem. bar. 32 (lO'l"), 281 ; Franklin 
l(iM. 193 (1922), 516; 1'. West, ./. Iml. Eng. Chan. 14 (1922), (iOI. 

.’Conipvre W. 1). Kichardaon,'3/r(. Chan. Eng. 23 (1920), 243, 
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acid 8t«‘ls, bchnvp—on the average—about ctiually well.' 
• Occasionally some'.serious ca.se of failure has oausfd engineers to 
become aiusjiicious of oiu? class of material; but usually it has 
been pros'cd that it is the exceptional conditions rather than the 
material which has been the cause of failure, for instance, the 
rapid oorro.sion of a long steel })ii)c line which sup])liod wat<‘r to the 
(oolganfie goldfield in .Australia caused a gh-at prejudice against 
steel Hut the water in (luestion was rich in sodium and magnesium 
chlorides, and cast-iron pipes do not sisan to hav(' fared \'erv much 
better.^ ■ » 

The ai lion Af saline waters, and particularly se i-water, on cast- 
iron articles ofti'n |)roduces a curious form of attach .sonatina's 
known as ■'gra])hitizalion."'‘ The object (jften retains its shape 
ahuftst unchanged, but is found afti'r long exposure to such wati'rs 
---to be soft ciamgh to be cut with a Knife , at (his stage, the object 
consists largely of graphite, which h.is c.seaped attach, whilst the 
metallic portion has Ijcen l.irgely oxidized 

It. is known that tlu' presence of ci'itain cleua'iits in iron and stei'l 
has a inarhed influence on the rate of eorrosioii. The presence of 
.sul|ihur, for instance, in steel or cast iron renders it very liable to 
.^corrode, probably Ix'caiise sulphuric acid .soon comes to exi. t in the 
corrosion product. On the other hand, certain metals, hhc chro¬ 
mium and, in .'tsiiialler degree, nichel, when present in solid solution 
in steel, hax'c a marhi'd influence in rendering it non-rusting. 
I'robably^they either reduce the K .M.F, of the corrosion I'oiiple, or 
tavoui the pa.ssage i»f the iron into tin' *' passix-i' ” I'ondition 'J’he 
presiie'c of chromium (2()-2.‘l [ler I'cnt.) or nichel (ti t) per cent.) in 
steel has bei'ii found to alter the eh'ctrode ])ot('ntial .so much that the 
alloy is mori' “ myile ’ than pure eoppi'r.' Only metals whii'h 
exist in .solid solution hi the u-iron arc likely to have this ('ffect; 
metals like vanadium, which enti'r the c'lrbide phase, are without 
berffetit. ^ 

Stainless eiitlery, as already stalS;!, eontaiiis about. 12-14 jier 
cent, of ohromiimi, and has proved vei-y .satisfactory. Tin' .same 
stei'l has beep used witl(]’.succ'e,'j|S m the making of' pumps, with 
good results, and has ri'i'cntly bei'ii tried foisfhe manufacture of 
turbine bj'x^ps.® 'J'he comparative immunity Vif ehromium stei i 
from oSidalTon islihow ii by the study of tlii' temper coloury obtained 
» « * 

‘L. ¥*omlr<t(J, 'i'hanf!. Faraiiaxj Soc. 11 (1915-lG), 2HH. 

*E. J. Fox, J. Soc.. Jt'ng. 4 (1013), 2G5. * — 

UT. N. 1*riend, ^(T'brAi. Mem. II (I02l), jtivom uuinorofw oxaruplou. 

See also J. W. Sh!ploy, J. Soc. Chnn.’hul. 41 (1022), 31 It. 

*B. Strauss. Xai inviftit. 8 (1920), 812. 

^EngiM&rxng, 112 (1021), 592; Engined. 131 (1921), .'>98; 132 (1921f, 
604; Sir R. QadfiGld, Faraday Snc. 11 (1915-IG), 18,3. 
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when chromium Hteel is heated in air. The colours appear in the 
same order a.H^n ordinary steel; hut, for the *attainmcnt of any* 
giviTi tint, a hif'her temperature is needed in the case* where the 
stis'l contains chromium.^ • 

Th(! presciucc! of small amounts of cojiper in steel is believed by 
many authorities to afford considerable ()roteetion against corrosion, 
especially altmijiheric corro.sion. The evidence on the subject is, 
however, somewhat conflicting.- 'I’licn: seems little dofibt that 
under some eondltiviis copper-bearing iron or steel will rust less 
quickly than similar imfleriiil free from copper ; *coppery)earing 
steel is, for instance, especially resistant towards the*sulphurous air 
of industrial districts. Ibit under other conditions the presence of 
copjM'r is certainly ineffectual in stopinng corrosion, and actually 
seems to increase (he rate of attack of iron iimne.rtieA in acid liquids 
containing iron .salts •' Many cau.ses have been suggested to account 
for the action of copper. Il .seems that the prc.scnce of eopjxir is 
most beneficial in steels containing sulphur, which, in the ab.sence 
of cojiper, would rust very readily. Possilily the ciqipcr removes 
the siilphiir from the iron as a .separate pha.se consisting of .stable 
copper sulphide. However, copper seems to be heneticial even in 
iron free from sulphur, and it is probable that the rirst formed, 
on copper-iron is of a more protective character than that formed rai 
copper-free irtai ; undoubtedly it is usually darker, di-nser, and 
more (dosely adherent.^ 


The protection of iron by the application of a civttinuous 
covering of another material has been discu.sscd in (fliapter XIV 
(Vol 1). Where a paint-film is employed, the character botlt 
of vehicle and pigment is important. 'J’he former should as far as 
possible be impervious to gas and moisture, a.s, well as a non-con¬ 
ductor of electricity ; the latter should be basic rather than acidic, 
and also a nun-conductor. Great care must bo taken to prevent 
“crinkling ” of the coat, which is due to the o.paiision attending 
the “ setting ” of linseed ^o'lf. Many facts of great commercial 
importance li^ve been arrived at by t/io patient and extensive, 
researches of Eriend. Ho finds,, for inetanoe, that polymerized 
linseed oil affords Ix'tter protection than raw oil when used as a 
paint vehicle, and line pigments give better protectioir^tkiyi coarse 

, J. U. 0. Moiiyponny, J. Iron Steel Inst. 101 (1920), 494. 

* Soo Engineernuj, 111 (1921). 213; E. A. jiiid L. T. ^\eliardHon,* Tron*. 

Atnfr. Elrctroclum. Soc. 30 (19l«), 379; 38 {1920),^221 ; A. 8. Cushman, 
Trans, .dmcc. Klectrochem. Soc! 30 (1910), 390 ; 8ir iCifodiield, Proc. i'oy. 
Soc. 101 [A| (1922), 472. ' ‘ 

A. Auppcrlo and D. M. Strickhunl. Trans. Amcr. Klectrochetn. Soc. 
^0/1021A 123. 

* 1). M. Buck, 2'rans. Atner. EUctrochem. Soc. (1921), ,’U9. 
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pigments, since they are more thoroughly in contact with the oil.* 
Two thin coats ace found to protec.t iron from almmplierir corrosion' 
rather better than a .single thick coat containing is tnuch pigment ns 
the twq thin coat.s ; but when the plates are immfrsed hi imtcr, the 
reverse effect is ob.scrvcd.* The proportion.s in which tb.c pigment 
and oil ar«‘ mi.xi'd arc nl.so of importance ; Friend ci'nsiders that the 
chief*functions of a pigment, other than <>eeorative, arc to afford 
mechanical support to the linoxyn and to reduce the {M'rmcability 
of the ]iaint ” ; to attain this, a suliieieney, hi^J not ail c.xccss, of 
pigment is rc(|uired.'' Clearly imsuitahle pitinting may be worse 
thanX ) jiaii/ing at all ; in one scries of expcrimi nts the painted 
])late8 were found to he eaten right through in piaces, whilst on tho 
unpainted plates, similarly c\|Ki.sed, the corrosion, although spread 
over the whole siirfai e and eon.seipienlly involving a. greater destruc¬ 
tion of metal, was less serious, heeau.se le.ss loeah/.ed. 

When', instivid of a paint-lihn, a metallic covering is u.sed, 
it is ))ossihle to divide tlu' metals into two classes according as they 
stand above or below iron in tlie I’oteiitial .Series: - 

(a) Metals which only afford protection when the covi'riiig is 
eontniiioiis, hut which rather stimulate corrosion where the iron is 
exposed :■ - 

' Coiipcr, nickel, tin, and lead. 

{h) Metats which do not stimulate corrosion, and may afford some 
protection even at jilaccs where the iron is expo.sed, although in 
jiracticc this jirotection cannot he relied uiion :— 

Zinc, aluminium. 

Although wet rust has no protective action on iron, yet the more 
coiii])act forms of iron oxiile do have a coii.siderahle influence, 'J’ho 
mill-scale which coals the metal as it leaves the mill will, if intact, 
larg'ly Interfere with lusting. 15ut if it is partially removed, any, 
flakes that remain will stimulate that worst type of corrosion— 
namely, “ pitting' --by .setting "p the eorrosiuii couple. 

Iron Water Sc*il(; particle. 

T’hiis wheif mill-scale is removed from irmi, it must he removed 
eouiplet<-ly.’‘ 

TF., iilentional pnxluction of an adherent blue oxide coat on 
steel for protective purposes is a common operation, lyid is known 
as ‘ blueing.’' There are various methods, one being the i.n- 

‘J. N. Fnend, Hrhol. Mtm. 9 (191>i), 77. 

* J. N. Friend, J. Iron iSteel Inat. 103 (1921), 307. 

*J. N. Fnond, C’arn. iScftol. Mem. 11 (1922), 90. 

*W. H. Wai]|er, Trana. Atner. iSleciroc^m. Soc. 14 (K'08), iS?* 
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mereion of the article for a few minutes in fused sodium nitrate 
■ containing manganese dioxide.* , 

'I’he use of zirll- protector bars, as well as the electroljjic method 
of protecting iron (Cumberland process), have already been djscussed 
in (fiapfer XIV (Vhd. I). 

Ill Corrosion by Stray Currents from Tramways, etc. 

Tbi.s matter also was dealt with in Chapter XIV (Vol. I), ft is the 
moat serious cau<e of corrosion of steelwork in large towns, and 
does not demand <he pre.scnce of oxygen. It applies mainly to 
buried ])ipes, t^tc., wliich »aro corroded wherever thOy behave as 
anodes to the stmy currents [)as.sing through the ^round^; the 
coating of the metal with a non-conducting paint, or with a mixture 
contairung tar and hydrocarbon oil, is usually recommended. 

Kven the steelwork of ferro-(U)ncrete buildings is affectwl by the 
sanii' cause. Here the results may clearly be very serious, for, not 
only is the steel de.stroyed, but the o.xidation of the metal is accom¬ 
panied by an expansion, wbieh may eraek the surrounding eenu'iit. 
Fortunately, owing to th(^ alkaline character of cement, the corrosion 
is generally negligible, but tlieri^ is a certain amount of danger if 
ehlori<les are |>resent in the cement.- It is noteworthy that even 
in ea.ses where the iron is the cathode to the stray eurrent, although 
there is no corrosion, there is a certain amount of softening in the 
eemeui, apparently due to the concentration of sodium, through 
ionic UKivement, iwar the iron surface ; this change is, however, not 
likely to he a source' of danger. 

Embrittling of Iron by Hydrogen. iSomewhat allied to 
corrosion is the brittleness produced in iron by any treatment 
which causes the evolution of hydrogen under pressure upon tho 
surface of the metal. ^ a 

When iron articles which are intended to he electro-plated arc 
subjected to the preliminary cleansing operation, either by pickling 
in acid, or by cathodic treatment in acid .solution, r'ueh hydrogen is 
evolved on the metal, which beiVnies (piitc brittle. When cathodic 
cleaning is carried out in a hath of neutral scxliura sulphate, the 
brittleness pnaluccd is said to be lu'gligible^’ , 

A similar brittlenesil is produced when iron is brought into 
contact with hot eonof-ntrated caustic soda, a reagent whioh attacks 
,t appreciably with evolution of hydrogem.* 'I’hc tensile .s?rcngth Is 

t \ 

* For (li'tHils, set' W. B. Grt'otilenf, Muchimr;/, 24 (11H8), 097. • 

K. ft. Uoss. B. McCHllum mid Q. S. Pt'h'rs, f '.S. Tech. Ffiper,^ 

it (1913). t . • • 

* S. C. Ijrtrijitloii ami M. (Juisuimi, Trtms. .^nur. Bhctrochem. *Soc. 3/ 
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not greatly affected, but the iron is liable to fail if subjected to 
^alternating stresses or to sudden shocks ; the brittleness generally 
disappears on standing. The cau.se of the brittlent'ss is not fully 
understood. But it is known that the iron after enthodie treatment 
—or after immersion in corrosive li(jui(ls is considerably sujH'r- 
saturated with hydrogen owing to overpotc'iitial. apd it has biam 
suggested that the liberation of this gas in tie* interior of the metal 
may be the immediate cause of the eraeking which ilevi'lo|)s,t 
Whatever the explanation may be, failures of steel tubes in the 
evajKwators used for eoneentrating alkali, and nlso in aiitis-laves in 
which t v’ctiois- with hot concentrated altali are i*mried out. have 
been rather frequently rcjiorted.^ The eraekmg .s inler-granular, 
and occurs most noticeably where the metal is in tension -facts 
which recall to mind the season-cracking of brass. Similar failures 
have* been fouml with other liipiors ; (irobably oin* lea.son whv it is 
most noteworthy in the ea.se of caustic alkalis is the unusually high 
temiii'rature and high eonecniration reached in these .solutions. 

Tilt: Co.Mi’ooNDs of Ikon i.n Tkchnoi.oov 

.\llhongh the eonqiounds of iron are of far less leehnii-al nnpor- 
\i»nee than the metal and its alloys, yet there are numerous iiio.st, 
e.s,sential industrial proces,ses in which oonqKiunds of iron are 
concerned. 

The mineral iron pyrites (FeS.), for instance, is the soiiiee of 
much of'iiie sulphur dioxide which is u.sed in the sulphuric acid 
uianufacture. 'I'lu' residue left over after tin* jiyrites has been 
burnt 10 yield sulphur dioxide consists largely of iron oxide*. It 
can actually be used as iron ore in the lilast fiiniaeo, but must 
first be roa.sted agaiij. so as to drive off all the sulphur, and 
briquetted. If as is oft* .1 the ease* tin* ]>yrit*es contains <* 0111 - 
paratively iirecioiis metals like eopjKT, it can be roasted with salt, 
which converts llie copper into cojqK*r chloride, and then washed 
with water (see Volume fV). Aficii the leaching out of the 
copper, the remaining inn can be briquetti-d and used in the 
blast-furnacc.' • 

Bog iron ore is used in the purification pf coal-gas to re¬ 
move hy>lj*?^en s'llphide and hydrocyanic acid. I'hc artificial iron 
hydroxide obtained in the purification of bauxite is ut.;(l for the 

* Sec the various views put forward by T. S. KuJIor, Tmns. An>f.r. Ekr. 
IrorVm Soc. 36 ; It. E. Zimmormau, p. 129, and W. ]>. iiancioft,** 

p. ^i30. 

^ * 8eo C. E. Stromoyei, Enrfinrcring, 104 (1017). 04") Tornparo E. WorHl»>» 
Ervjineering, 104 (1917), BoT. alst» .1. A. .Ioiiok. '/'ronn. Sor. 

17 (1921), 102; C. H. Deseb, Tranti. raraoatj Sot. 17 (1921). 20. • * 
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sanu! imri>oKc. Tho gas to be purified is passed over the iron 
• hydroxide, which becomes converted to sulphide (and cyanide). 
After tho oxidb is beginning to lose its imwer of absorbing tho 
two gasc.s, it can bo revivified by exposure to the air, yhich re¬ 
converts the sulphide to oxide, sulphur being liberated. After a 
given (piantity of oxide has been used and revivified a large number 
of times, it eo 2 nes to contain too much free sulphur and ftyanogcn 
products to bo aji efficient jnirifier. It is therefore replaced. From 
tho “ spent ” pyrjtes many valuable by-products, such as jKjtassium 
ferrocyanide, can b« isolj,tcd by suitable treatment. 

The burnt jjyrites obtained from tho sulphuric «.cid w^rks has 
also been used ill purifying coal-gas, but on account of the high 
temperature of ])roduction is often a less active absorbent. It is 
staterl to be (dlicient as an absorbent for hydrogen sulphide only 
so long iis it contains ferrous sulphate.' 

Of the salts of iron, ferrous sulphatt^ or “copperas” occurs 
as a by-product in .several lu'oeesses Probably the elieajs'st 
source is afforded by the use at ebemieal works of towers tilled w'ith 
sera]) iron which serve to remove acid fumos from waste gases 
which have to bo discharged into the air.- Copperas gives on 
ignition ferric oxide, which is largidy used as a pigment under the 
name of Venetian Red ; iinother variety of the oxide (rouge)^s' 
important as a polishing material for nudals. 

Various natural forms of ferric hydroxide yield pigments on 
grinding and levigating. Yellow ochre is obtained in this way; 
on cautious ignition it loses water yielding red ochPt. Other 
red pigments are obtained from natural ores by grinding and washing 
without burning. Some oehn'S, which contain bitunnnous matter, 
yield on burning a brown ])igment known as Vandyke brown. 
Several other natural pigments (Sienna, 'Uitlber, etc.) contain 
manganese as well as iron. The various pigments containing iron 
oxide have many uses. Some forms arc used for coating ahip 
bottoms, others as a colouring matter in jiapbr or rubber. The 
natural varieties are erajikijed in the anti corrosive paints used 
for covering '.steelwork, but most artificial varieties (Venetian 
ixsl) are looked ujvm with disflivour lor this pufpose, as they 
are apt to stimula(je corrosion, rather than to prevent it. This is 
no doubt duo to the preseneo of residual sulphuric a^(f • 
Another* important pigment containing iron is ferrous ferri- 
cyanido (or possibly ferric ferrocyanide), different grades oDwhich 
•-are known under different names (Paris blue,.,Prussian 
•etc ). Mosf of these are essentially thi') same, although some*of 

^0. Woyman, J. i'of. Chem. Ind. 37 (1018), 333t. 

. s ♦ Rtp. Insp. .4U. Works (1913). ^2. 
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the cominen'ial products contain other complex cyanides such as 



which nice the jjigment a violet tingi'. Prussian blue is usually 
made by adding jmtassium fcrrocyanide to an acidified solution 
of ferrifus sulphate (eopix;ras) ; the white j)rccipitatc of ferrous 
fcrrocyanide st)on oxidizes through cxjxjsure to *he air, becoming 
a deep blue. 

Iron comiKcmds arc also utiliztd in largo (juantities in the mami- 
facturx.of W"iting ink.' Blue black Ink is made by mixing a 
solution of iron sulphate or chloride with an extract of fermented 

galls, ’ or with hydrolysed solution of tannin. The mixture thus 
obtained ])robabIy contains thi‘ ferrous salts of xarious organic! 
luids (gallic, gallo-taiinic, etc.), but the fc-rrous salts arc! })rac- 
tically colouiic.ss, and an organic dye (aniline blue, jihcnol blue, or 
indigo) is luldcd to render the ink visible, i'lius, when the ink 
is applied to the papi r it is blue ; but after drying, the ferrous 
compounds become o.xidi/.cd, pii'snmalily to the corrc.sponding 
fcTiic salts, which are black, and the writing becomes dark and 
])crmancnt 

•*kike other s.dt& coiitaiiiiiig metals in the trivalent state, the 
fc'rric .salts have been used in taiiiiing (“/ciw-inc/”), and also a-s 
mordants in dyi nig. 


* (' A. J Sw Ithl. 41 (IH22), fK'Jiv 
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Atomic wcifilit 

• 

ColiaK is iiitcrmcdiMc in projicrtics lictwccii iron and nickel 
and is thendon^ jilaced l)ctweei\ them in th(' periodic system, 
althougli ap|)a.rentJy the mean weight of (!obalt atoms is actually 
higher tlian that of nicki\) atoms. Aston’s work ort positive rays 
has, however, .shown that nickel contains atoms two^kinds, 
having maascs and (ifl resp(*tively.' The heavier kind of 
nickel atom lias thus a mass greater than the nremijc mass of the 
eohalt atoms. It is very likely that fiirthta' work will show that 
cohalt atoms are not all of a single size. 

The MetaP 

Cohalt has the same colour as iron, and the metal takes a hright 
lustre on poli.shing I’ure cohalt is harder as well as stronger 
than |iure iron, ft is, however, scarcely malleahle, and the maxi¬ 
mum strength is only a, little greater than the yield-jioint. Coin* 
mercial eohalt, containing carhon and other impurities, has heen 
shown hy Kalmus to he not only stronger, Imt akso more malleahle 
than the pure metal. The melting-point of cohalt (1,478° C.) is 
similar to that of iron; the specific gravity is 8-8. Tim metal 
also resemhies iron in heing magnetic , the magnetic properties 
disappear ahout l,l,’>0“(k, the change heing. no douht, analogous 
to the A 2 change in iron.^ 

ftohalt stands in the Potential Series on tlA' n')hl<‘ side of iron, 
,and is less rapidly attacked hy reagents. It dissolves, however, 
in dilute sulphuric or hydrochloric acids, and is also attacked hy 
dilute nitric acid. Concentrated nitric acid renders it passive. 
Cohalt can also he made pa««vo hy anodic treatment, hut the 
current density K'lpni-cd is higher—other things being equal- than 
in the easi' of iron.^ 'the finely-divided metal becomes converted 
to qxide on exposure t^i the atmosphere, hut compact cohajj reqinres 
to he heated before it is sensibly attacked. • • ' 

Laboratoiy Preparation. 'I'lio preparation of cobalt front,,its 
compounds on a small scale is easily accomplishcil hv electrolysis. 

" ■ • \ 

• ' R W. .\8tot,. .ViiOoc, t07 (1921), 520. < 

“ H. 'r. Kalmus and ('. ttarper. J. Imi. Ettg, Chem. •>. 

* W. r»>icrtlor and (!. Taininnau. Anorg. ('hem 42 (1904), '153. 

* G. B\%r8 and C. W. Thing. .A Arnrr. Ckem. (1019^. 1902. 
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An ammoniacal solution of a oobalt salt containing ammonium 
sulphate wlien clcetroljsed deposits metallic cobalt on the cathode. 

The finely-divided metal can also l>e obtained 1)y heating one 
t>f the oyides in a stream of hydrogen above 5(K)“(' ’ 

Compounds 

• 

The only stable .si-rii's of simple eolmit salts eoiT(‘S|)onds to the 
ferrous salts, and are derived from the o.xidi' t'ot). -Many eobaltic 
salts, derived from Co./> 3 , have also been prepaitd, but the simple 
eobaltij^.salts lu-e unstable. Xiimerou.s* ammonia, derivatives of 
eobaltic .salts are known in vvbieh the cation eonsi.sts of a cobalt 
atom surrounded by a " group of six. " 'I’bere are also .sejmo 
(smipli'X eobaltic salts containing cobalt in the anion. .\ bigber 
oxide, CoO;, vvbieb bus no analogue among the inm oxides but 
vvhieli corresponds to iron ^lyrites {Fe.Sj), is known, whilst an 
intermediate oxide (Cojtl,), eorresponding to magnetite, exists, 

A. Compounds of Divalent Cobalt (Cobaltous Compounds). 

Cobaltous oxide, (Ml), is formed when the metal is exposed 
to steam, or, when the bigber o.xides are gently heated in a eiirrenl 
i)^bydrogen ; but in the last ease it is diliieiilt to jirevent further 
reduction to tic metallic state It is al.so obtained if the bigber 
oxides are beatisl in air above 1,01)0“ C 'I’be monoxide is a grey 
or, oceasionally, a yellow-green substanee, wbieb is miieb more 
stalile (f'tbe air than is ferrous oxide, licing except in a fine 
stale of division not jierceptibly oxidized by exposure at onlinary 
tem|ieratures. Tfic, hydroxide, ('o(()H)., is obtained from eoball- 
oiis salt solutions by precipitation with eairslio alkali: on adding 
sodium bydroxidi* toll solution of cobaltous sulphate, a blue pre¬ 
cipitate is formed at find, but the ro.se-ioloured bydroxiile is 
piioduced when alkali is added in excess. 'I'be blue precipitate 
always contain-, much (SO,)", ".nd is often regarded as a basic 
sulphate. Apparently, bowevei, tll'.lSO,)" is merely adsorbed, 
for it can mostly be remr.ved by repeated extraetion*witb hot water, 
leaving a blffe hydroxit9‘.“ TtH' red and bit hydroxides probably 
liear the same relation to one another as tl|p red and blue salt.s 
descri betl ^icio w. 

Blue and Pink Cobalt Salts. The cobaltous salts*are formed 
when the in^feri, or its lowest oxide, is dtssolvcd in acid The 

H. T, Knltr.us,’./. /> /. A’liJ. CAiwi. 6 (lt)l4), 107. „ 

•A. Hantzscti, Zr.fjvh Anttnj. Chi-m 73(11)12), 204. ('ompare tlie views 
of N. (J. (liJittiTj'i aiifl X. K. Trun.H. J'annUnf . 16 Apjicntlix, 

p. 125. 
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solutions uro usually rose-coloured in the cold, but become blue 
' when heated. A similar change in colour occur8.in the solid salts; ^ 
for the hydrated salts, which are pink, lose water when^heated, 
becoming converted to blue compounds. This fact has led some 
chemists to believe that the colour-change observed in the solution 
is really a dehydration-process; it is po.ssible to suppose that, at 
ordinary temperature,s, the dissolved .salt molecules or cSbaltous 
ions are liydratc'i,' and apjjear pink, but that at higher temperatures 
thi^y are not cto.sely Imund to tlnf solvent and are therefore blue; 
another variation of‘the same theory supiKises that, the blue salts 
■ although not anhydrous-contain a smaller number i# water 
molecules than tht, pink salts. But these suggestions do not explain 
all the facts. Eor instance, a pink cobalt solution is turned blue 
by the addition of hydrochloric acid, or of calcium chloride. An 
alcoholic solution of cobalt (dilorido is also blue, hut the addition 
of 7,inc, tin, or mercuric chloride will restore, the pink colom' of 
an alcoholic, or even of a warmed aqueous solution. 

The explanation ap[)ears to be provided by the study of the 
behaviour of the j)ink and blue solutions on electrolysis.' If th(‘ 
blue solution of cobalt chloride containing calcium chloride is 
electrolysed, t.he bliu^ constituent travels towards the anode; if 
the pink solution of cobalt chloride containing mercuric chloriTffc “* 
is ch'ctrolysed, the pink constituent travels towards tlui eatluxle. 
Presumably, tluwefore, the solutions contain complex salts such 
as (laldotllj] and ('o|Hgdlj], (lomplex anions containing cobalt are 
on this hy|)olh(!sis blue, but c.obalt cations are, pink. *‘i'li<! fact 
that cobalt enters the anion when ealciuin chloride is present,, 
but is turned out when mercuric chloride is added is perfectly in 
keeping with our independent knowledge of the special tendency 
of mercury to enter into eom])le\ ions of I Iks (tiiaracter. 

If this explanation is to be extended to the colour changes in 
.solutions of simple, cobalt salts, we have to assume that, thcreds 
an e(|uilibriuni between simple and eom])lex ions, thus • 

. Vir + [Coci/ 

« < * 

' '' ' ■ . 

. 2Co - t 4CP. 

The C<)“ ion (jx>ssihly hytlratcil) would confer a pink colour, and 
the cfunplex iinioiiH such as a blue colofir: 1’he anioud*’' 

* V. (I. Dotuum nnil If. Trau/t. Chrm. Sor. 81 (1002). 930. (’timpartT 

ttls <4 .t. K. Oum. SiWn, (19U). !93. ^ 
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of the two ions present would depend on the temperature and the 
, nature of the solvent. 

It is ^rol^ble that this explanation is essential!^’ corrt'et. At 
the same time, a study of the absorption sja-etra of the various 
pink and blue solutions ' suggests that the matter may lx-somewhat 
more complicated than is indicated alxn-e. Th(> ab^orptum spec¬ 
trum of •the blue solution obtained by wartning ordinary cobalt 
chloride solution is not identical with that produccd«by the addition 
of hydrochloric acid. It is possible that more than one complex 
anion can exist, each having its own absorpti<<n siwctnim. It has 
even bi^ sugarstcd - that many of the pink com]X)unds are com¬ 
plexes of the type [C'oX,] with the full co-ordination mimbcr six, 
whilst the l)lue com])ounds are built >ip on the ba.sis of the Co¬ 
ordination number four, containing ions of the type (CoX,]". 
According to this view, the blue colour of the alcoholic solution 
of cobalt chloride is due to the salt ('ojt'ot'lj|, as i.s gcner.ally 
believed ; but the rctl colour obtained wlu'U excess of meieurie 
chloride is added is dui^ to the eompotmil 

^'°f“(Hg('U)J 

•witli the co-ordination number .six. 

A few of the salts can now be conskh-red. 'I'he sulphate, 
CoStli.VHjO, may be prepated by crystallization from a solu¬ 
tion of the mi'tal in sulphuric acid ; it forms rose-coloured mono- 
clinic -piiiisns. isomorphous with ferrous sulphnle. The nitrate, 
('ofXOjlj.tiHjO, may be isolated in the solid state by the cautious 
evapoiation of its solution ; it is also pink. The chloride is 
protlueed ns a red hydrate (('o('l 2 .l>H 2 f*) b.y the concentration of 
the solution ; it is»po%iible to drive off the whole of the water by 
cautious beating at 110'(^, without the foi ination of cobalt, 
oxijlo and hydrogen ehloriilc. 'I'he anhydrous chloride (Cot.h.,), 
which is blue, (‘ai.'also be olitained by tlu* ai-tion of chlorine gas 
on the metal. i 

The insoluble cobaltous salts ariA obtained by,precij>itation. 
The carbonate, C<.)C() 3 ,«is a bright rod precipitate obtained by 
the action of sodium bicarbonate containing free carbon dioxide. 
Sevo,’%l phosphates are known; a red preftpitate is obtained 
when common sodium phosphate is added to cobaii chloride. 
Cobait sulpiyde, CoS, is a black precipitate produced when 
amTUonium sulphide is added to a cobalt salt; although not pro-, 

I * •. • 

> W. N. Hartley, Tr*nn. Chfm. Soc. 83 (IflOll), 401 ; H. (,'. .Tunm ami H. .S. 
Uhler, Amrr. ('h^m .7. 37 (11)07), 120. 

“ A. HantZBch and Y. Sliibata, Zcitnclt. ^Anonj. ('hem. 73 (hH2\ 
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duced in the presence of dilute acids, the precipitate, when once 
formed, is only very slowly rcdissolved by (Jilute acids. Aqua 
regia attacks R more readily. * 

H. Compounds of Trivalent Cobalt (Cobaltic Compounds). 

Cobaltic okide, CojO,, is obtained when eobaltou.s nitrate is 
ignited ; if tlu; UuiqsTature of ignition is too high, it loses oxygen, 
yielding tlu^ intermediate o.xidc Co/),. It is a black-browil powder. 
The hydroxide,•Co(OH)j, is obtained when a eobaltous salt is 
tri'atc<l with sodium hypochlorito solution, prefcritbly containing 
free alkali. If ijkali is pre.sent, however, the darlfbrowlTijrecipi- 
tate contains far mor(' oxygen than eorrespoiuls to the formula 
(!o(OH).,, the <‘xact oxygen-content depending on the concentra¬ 
tion of .sodium hy|K)ehlorite, the amount of alkali present, and other 
fimtors.' 'I’lu' preeipitati! acts .os a catalyst causing the decom- 
|>ositi»ji <if tlu^ excess of sodium hypochlorite j)resent, oxygen 
being evolved in bubbles. 

. ■ Such simple cobaltic salts jus exist at all are very unstable. If 
hydrated cobaltic oxide is acted on with well-cooled hydrochloric 
or sulphuric acid, it dissolves without gas-evolution, forming a 
ilark yellow solution . but, when any attempt is made to evajwi^e . 
these solutions by heating, they decompose, evolving chlorine or 
oxygen, and eobaltous salts are left. Cobaltic sulphate, 
CojISOj);,.IH ll jO, however, can be ]ire])ared in the solid, state by 
the anodic oxidation of a soluti()n of (eobaltous sulphaki’; if the 
eobaltous sulphate is placed in the anodic eompartment of a divided 
(U'll, and is kept very cool throughout the electrolysis, blue erystaks* 
of the sulphate separate. They are very unstabh-, a)id the blue 
solution evolves o.xygen at room temperatur^-. If th<‘ solution 
contains ammoiuum sulphate, the double salt cobaltic ammonium 
alum, (Nll4)jS0,.Co,.,(S(),)3.24H20, separates in blue isdahedra, 
isomor|>hous with the other alums. Cobaltic fluoride, ('oE„ can 
be obtaiiH'd eleetrolytically an analogous nay, and is a green 
substance. *'1 

Several green complex cobaltic .salts hVve been pjepared which 
appear to contain cobalt as a complex anion.* By the action of 
Irydrogen peroxide '.m a solution of pottussium oxalate, cpntaining 
cobalt oxal^ite, a crop of green crystals comes dowhi; t'ncse consist 
pf a eomiUex potiussium cobaltic oxalate, having,the comp«)8ition 

< . [K 2 Co(C 204 ) 2 . 2 H, 0 ], 0 . 

Other cobaltic eomixiunds are obtiu'ncd by the addition 

, ■‘O. H. Howell. Trans. Chem. Sor. 123 (1923), O."*. 

• ■ • * R. O. Durruiit, Trans. (7am. Sur. (1903), 1781. 
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cobaltou» solution of alkali-metal nitrites, which act first ivs oxidizing 
agents, and then ns precipitfints. When potns,sium nitrite is added . 
to a solution of oobaltous chloride, potassium .cobaltinitritei 
3KNO,X'«fNO-)3 or K 3 [(\)(!NOj),], separates as a bright yellow 
precipitate. It is nliiiost insoluble in wnter one of the few spar¬ 
ingly soluble potassium salts™ and only very slowly attns'ked by 
acids. Sodium cobaltlnitrite, which is formed when 8odi>im 
nitrite is addisl to a eobaltous salt, is (juite soluble : its solution 
is sometimes used in the laboratory as an indicator for potassium 
salts. 


The'Sobali'ammines. When a solution of a eolatltous salt is 
rendered ammoniaeal and exjsised to air, or Ireati'u with an o.xidizing 
agent, ammonia derivative^ of the eobaltie salts (ofb'ii refiVred 
to as eobaltammine;,) are ^irodueed. These are a large family of 
<'ompotinds, more st.i.ble than the ammines of most other metals,* 
and have awakened special inten'st owing U) the diverse' colours 
of the ditlerent classes 'Phe mode of ionization of the eohaltam- 
mines aeeorels on the ahole- with Werner's theory, although, in 
some eases, the question is eonqilieated by n'versihle reactions with 


water. For instance, the .salt 'Jt'l,, in an iU'iditied solu 


tion, readily loses watc-r and yiehls 


[o'™'!' 


JtiU. Conseepiently, 


the irnonut of ( hloi'ine ions in the solution- as ascertained by the 
eondei.'ti'aty-measiin-ment or by any other method is apt to he 
a rather \ariable qnaiititj. 

l)i tajis of the methods of isolating the diiferent memhers of the 
family must be sought in one of the larger textbooks." It is only 
poHsihh' here to stetej. roughly the conditions under which a few 
of the more important compounds are lormeil. When, for instance, 
a conoentrated solution containing eobaltie chloride, ammonium 
chloride, and ami onia is treated with bleaehing jiowder for twenty 
hours at a low temperature, then bailed with concentrated hydro- 
ehlorie acid,dark vioh't-red er^..tals It the .so-ealleu “ purpureo- 

cobaltic chloride” Clj are obtainid. From thi' 


chloride s .'lyier pill ptueo-salts of similar colour, and having tiie 
general composition ^ 2 < an be obtained. • 


A. R. r^a'nlj fiiul A. T^rson, ./. Anur. ('hrm. Sor, 42 (1020), 2024, (Iih- 
c-usB lht» quwt.-Dn of i4i« relative stability tif tin* HijiitiinoH, 

• “ Gincliti — Kraut’H Jfnndbiit b iIit tinorL’iiiUM boii ('h< niif,” ' ol V', Part I 
(C. Winter). 

M.C.—VOC. HI. 
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When the purpureo-ehloride in dissolved in warm dilute ammonia 
it combines with water, yielding a solution of the,brick-red “ roseo* 

chloride ” T Co'^^’^’lcia. As stated above, acids reconvert the 
L (HjO) J . 

roseo-chhiride to the purpureo-ehloride. 

If, however, 'the purpureo-ehloride is warmed with comparatively 
concentrated (20 per tent.) ammonia, and ammonium chloride, in 
a closed vessel, 'it combines with a further molecule of atnmonia, 
and yifilds, on cooling, an orange or wine-red precipitate of the 
“ luteo-chloride ” [llolNJialJCIj. 

If an ammoniacal solution of cobaltic chloride is oxidlS-T'd with 
air, treated with hydrogen chloride and then with ammonium 


chloride, the green “ praseo-chloride 



Cl, mixed 


with the purpureo-ehloride, is obtained. To obtain a praseo-salt 
free from purpnreo-salls, the mixture can be dissolved in sulphuric 
acid ; the addition of concentrated hydrochloric acid gives the green 

sulphate which, when washed with dilute hydro- 

ehloric acid, regenerates the chloride. 

(NH.,) 


The salts of the type F'^*1X, whi' 

• L (N().)J 


Inch have been referred to 


in the introductory stiction of this volume (p. .'i), are oh interest 
owing to thi^ fact that they exist in two isomeric forms. -O'."' form 
(the "eis" form) apparently represents the ease wheri^ the two 
(NOj) groups occupy adjacent positions in the shell surrounding 
the cobalt atom; in the other form (the ‘’trans” form) they 
occupy opjiosite corners of the shell. 


C. Compounds of Tetravalent Cobalt. 

It has been mentioned that when a eobaltoiw .salt is oxidized 
by sodium hypochlorite, thei precipitate contains more oxygen 
than corresponds to the foriTula CojOj.rHjO ; under certain cir¬ 
cumstances the oxygen-content may approkyih the valits represented 
by the formula CoOj.jHjO. The precipitate is either a mixture 
of the oxides t'ojOj'and CoOj (hydrated), or perhaps,vensists of 
a solid solution of variable oxygen-content. If the oxidizing agent 
employed is sodium hyiKiiodito (that is, a mixture ,of iodinb and 
concentrated caustic soela), a black precipitate with an oxygfcn- 
eontent nearly corresponding to that of the'diptude, CoO,, ia 
obtained. * A hydrated form of the dioxide is satti to be precipitated 
* A. Metz!, Ztitsvk. AK'org. Chem. 86 {1914), 358. 
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on the lUiiHle when a solntinn of double cobalt aninioniuin fluoride , 
• is electrolyhcd.’ • 

The (liox^le has a <ertam acidic charaelci-. forming salts which 
are known as the cobaltites. Tiiey arc pnderably obtained by 
fusing coballic oxide with other basic oxide's in the presenei' of 
air in the electric furnace. The inagncsinni .salt ^Mg('oOj) is a 
hard, deep rcnl mass with a metallic liistic ; baiiiini cobaltite 
(BaCoOj) IS nearly black. 

1). Intermediate Compounds. 

Intci\.iedia>e o.xide of cobalt, ('o,()|, is foniu'd when either 
of the other oxides arc heated in tin air betnecii “.‘>tt and Itll)'' ('. ; 
but if hi'ated too strongly it loses oxygen, yielding the monoxide 
CoO- CojO, IS a bku'k substance, winch, when obtained in the 
eom])Uet state, has a metallic lustre and is xery hard. It is 
analogiais in composition to the magiietie oxide ot iron, but inis 
no marked magnetic properties. The intermediate oxide is ilii- 
attaeked by most dilute aeids and exen by aipia ri'gia, blit sul)>hiirii' 
acid has an .i|i])reeinble solvent action upon it . it dissoixes in fii.sed 
pota,ssium bisiilphate. 

" ^.'Miscellaneous Compounds. 

Complex C\ankles of Cobalt. When pota.ssinin cyanide is 
added to j cobalt oils salt, the red cobaltous cyanide, ('o((’N)..311./), 
is jireeipitated If. hoxxever. exee.ss of jiotassiiim cyanide is addeil, 
the jiri'cip'itate redis.-oixes, forming a red .solution, xxhieh loiitains 
‘he oniiplex .salt, potassium cobaltocyanide, K, ('o{(’\'),J. 'The 
salt i.in be precipitalx'd as a violet poxxder from a strong cool 
solution by the addition of alcohol. It is analogous to potas,sium 
ferroeyanide, but is imtcli less stable, fo.' on tlm a.dditioii of an acid 
to the solution, it is eonxerted to potassium cobalticyanide, ' 
liycL-ogeii being evolved : in the jiresetiee of an oxidiz¬ 
ing agent, for instaiiie di.ssolved i\ygen, the eoiiversioii takes 
place without the addition of acid. vlT is rather surprising that, 
whilst the simple eobaltiius salts ari' so much more, stable than 
the sinijile cofialtie salts, the col>altoeyanides''are much less stable 
than the cobaltiiyanides, especially since, in-the analogous inni 
eompdUiius*,* the* ferroeyanides are more stable than the ferri- 
cyanidps. lint the .stability of the simple ions is, oi' toiirse, no 
crit^frlbn of thft stability of complex ions. 

ieveral insijl'dile ^eobaltieyanides can be obtained by precipita- 
ticSi, for instaneb ferrous cMialtieyanide, which is white : cobaltous 

* K. F. Strath. Train*. Aiinr. Klictrfuhf-tn. Soc. 27 (1915), 30. • 

* Jl. T.^alniat. Ind. Eng. Chem. 6 (1914), 115. ’ * 



164 


METALS AND METALLIC COMPOUNDS 


cobalticyanidu, Co 3 [Co(CN),]i, is a pink precipitate, but becomes 
blue when lieatcd, • , 

Cobalt Carl)onyls.‘ When finely-divided cobalt (obtained by 
the reduction of the oxide by hydrogen) is heated at 1S0°C. in 
a current of carbon monoxide under at least 30 atmospheres 
pressure, a tetra-carbonyl is formed. A special steel a^aratus, 
capable of standing hfgh pressure, and lined with copjxT to protect 
the steel from tlie gas, is required for the i)reparation. Thb carbon 
monoxide is first aompresscd in a cylinder from which it is allowed 
to flow through the steel* vessel containing tlu^ heated cobalt. It 
leaves tins vessel by an adjustable outlet valve, and'passc«*through 
a glass tulie whore the carbonyl is deposited in orange crystals of 
composition CoiCO),; the prrKluction is accelerated if the pressure 
is inereasrsl to 300 atmospluires. The cry.stals can be preserved 
in a sealed tubi! containing carbon monoxide, but decompose if 
cxposrsd to th(! air. They are soluble in ether, alcohol and other 
organic solvents. 

The telra-(!arbonyl melts at 51“ C., and about 00" C. it gives off 
carbon monoxide, iiiaving the black tri-earbonyl (JoidOjj. which 
can bo purified by dissolution in warm benzene ; on cooling the 
pure tri-carbonyl isde|)o.sit(^d. The tri-earbonyl readily deeomprjses , 
if exposed to air. 


Analytical 

A trace of a cobalt salt confers a fiiu^ blm^ colour (tn.e borax 
bead ; this forms a sensitive tesi, for cobalt. 

The metal is not prcs'ipitated by hydrogen sulphirle from a hot 
add solution, nor is it jm'cipitated by ammonia in the presence 
of ammonium chloride. It is, however, ])re<i\pibited by aram<jnium 
sulphiile from an ammoniacal .solution. 'I’liesc facts serve for the 
separation of cobalt from most metals, , 

Three other metals, nickel, zinc, and mangafiese, are, however, 
precipitated uiuUir the sapie eireumstanee.s. The separation of 
cobalt from zenc de])end8 on the bud tljat zinc is precipitated as 
sulphide when hydrvgen .sulphirh" is bubbled tluough a cold solu¬ 
tion containing a trace of free sulphuric or hydrochloric acid, whilst 
cobalt remains in solution. If, on the otlu'r hjind, ,f4ii solution 
contains weaker acid, for instance ae( ti<' acid, together with 
sodium acetate which serves to reduce the hydrion, conoenfration, 
and, if hyib'ogen sulphide is bubbled through at 80" C., cdtjalt 
. is eompleliely precipitated as sulphidp (togCtlier with niclscl)i if 
present), but mangane.se stays in solution. 

ij, AI(A.d, It. Hirtz and M. if Cowap, Trans. Qhem. Soc. 97 flOlO), 798- 
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The separation of cobalt and nickd can bo a<’cotnj)lialied by . 
• adding a solution*of (i-dimothyl gl.voxnnc followcsj by ammonia; 
the niokcl.ia brought down as a rod precipitate, but tho cobalt 
romaintr in solution. 

A comparatively rapid method of separating cobalt from ferric 
iron, copj)er. zinc and arsenic, but not from nickel or mangane.se, is 
to add tartaric acid, tln ii ammonia, anil linally potassium iiKlide. 
Cobalt IS thrown down as the ainmnii' |Co|and nickel, if 
present, is also precipitated as the analogous comp mnd | Ni(,\ H 
The function of the tartaric acid is to p,event the precijiilation of 
iron by the ammonia.* 

Having obtained tho cobalt in a solution frei.' from other mcitalK 
by one of the methods dcsi ribcil above, it can be tirecipitated as 
the higher oxide by means of alkali in the jiri'scnce of an oxidizing 
agent, such as bromine or potassium jiersulphate. The latter is 
preferable, since in the case of bromine it is necessary to add so 
much caustic alkali that there is a danger of the inclusion of alkali 
in tho precipitate.* However iiht.lined, the precipitate is dried, 
reduced by ignition in hydrogen to the elementary condition and 
weighed as metallic eobal' 

^'Mtcrnativcly. it is possihle to depo.sit the cobalt eleetr ilytically 
on a weighed cathoile from a hot solution of the sulphate cotilaining 
ammonium uelrle and made .dkaline with ammonia.' 


TtlKtlKSTRtAT, OcrilRllRNCK 


I'oball IS a metal eommonly associated with igneous Intrusions 
of a basic character, 'J'lie, most important deposits.'* occur in the 
Temiskaming District of Ontario (the mining region being known 
generally as the ‘•(Vlnilt District ’') lic.siiles cobalt, the. minerals 
found in that region cont in nickel, ar.'ciiic. silver and co])per. The 
minerals arc jirobably comu’ctcil with certain intrusions of very 
early geologic d times (Huronian), tait, aic not thought to be ,)f 
diri'ct igneous origin .Many gcolo, i^ts censider that they were 
deposited by thermal waters a.sccnit .ig from the iniri'sion The 
minerals fouiTd include tne arsenide and arsei ide-.siiljihiilc of cobalt, 
known as, 


hmaititi’ 
and Coba’tite 


O 1 A.S, 

CoAs.'i' 


_^W. R, Sclioetler .mil .\. It. Powell, 42 (1017), !H0, 38*', 44 

(ifllB), 276. 

•L. Uede, dm. *-ii 35 (1911), 1077. 

" E. F. Smilh, .r, Iner. Cfirm. Soc. 26 (1904), 11107, 

* W. (i. Miller. A'ag Min. ,*. 76 tlOf/i), S8S ; K. K. Here, /'icon, ijlfot, 
3 (1908), 59it; VV. 1,. Whitehead, 'icon. Owl. 15 (1920), 103, 
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together with arsenides and sulphides of nickel. Of the two cobalt 
' minerals incnitioned smaltite is a “ tin-white •’ mineral, whilst 
cobaltit(! is gro/ It .seems probable that the nickel mjperals were 
deposited lirst by the ascending waters, and that the eobaltsarrived 
at a later stage, since niccolitc (NiAs) is sometimes found in reddish 
crystals set in itgrey ground mass of smaltite ; but this view is not 
universally accepted. "The native silver, which occurs in films or 
threads or mo.s,s^ growths, appears to have been deposited in the 
last stages of the primary mineralization. 

Deposits having, (jrob.ahly, a similar mode of origin occur in 
iSaxony and Hohemia, wliero both cobalt and nieki*i minrttvls arc 
found. Likewise cobalt is found in New Caledonia—also a nickel¬ 
mining district .All thes(> localities are, however, of much le-ss 
pra(!tieal importance than Otitario. 

Cobalt minerals are easily o.xidized, and weathering products— 
containing the arsenate, suljjliate, carbonate, and oxide of cobalt— 
arc found along the outcrop of the cobalt deposits. The presence of 
cobalt iti certain secondary manganese ores has already been 
mentioned in the .section on inangane.se (Vol. II). The fact that 
cobalt is .sometimes fiaind in the ashes of seaweed indicates that 
cobalt is to .some extent carried down in soliitioji into the sea. 

% 

.Mut.m.uuhov and Usks 

The greater part of the world’s supply of cobalt noW comes 
from Ontario. At one lime the complex ores were worked w'y for 
their silver, ami the cobalt was largely lost in the slag. But the_ 
increased demand for cobalt -stimulated by the energy of the 
Canadian authorities in investigating new u.ses for the metal- -has 
mad(' it remunerative to work the ores foitcoltalt also. 

The ores are usually concentrated by gravity methods—aided, 

' in recent years, by flotation—before being subjected to the smelti,ng 
opr'ration ])roper.* It is stated that the ores ’and concentrabss 
.smelted iti Ontario contain 4-10 per cent, of cobalt, 2 8 per cent, of 
nickel, 14 -40 p«r cent, of arse/ic, with a silver content ranging from 
2 per cent, to 20 j)er,cent.“ ■ • » 

Tlu! prrwe.ss of smelting ’is usually carried out in a blast-furniwe, 
often run with a rather low blast-pressure, bccamsg thCjOCe always 
eontains a considerable proportion of “ fines.” 'The charge consists 
o£ the ore mixed with limestone or siliceous fluxes, accordiijg to 

“ R.’ K. Dve, 7’ma.y. Can. Min.■hoi. 20 (1917), 11 : .L .M. CVlow and E. fe. 
Vliomliill, Tnt 1 . 1 . Can. Min. hot. 20 (1917), 2S. . 

Snr. Chrm. hut. 36 (1917), 441. 

>,8. H. Wriglit, Tmn.i. Can. Mifi. hoi. 21 (I9ts), 299; R. \V. Itridgos, 
Emji Min. J'l lOl (1910), 64(>. Seo also O, Htirlh, M(t. it. Erz, 16 (1919), 207. 
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requiremontR and fuel. The results of the smeltinp is to produce 
three separate substanees, which arc iinniiscihle in the liquid ' 
state: « • 

(1) Bullion, consisting of the easily reclucihle metals, like silver 
and cop[M'r, in the ek'inental condition ; this is found as a button 
when the solidifi(sl sjH'iss is broken up. 

(2) ifjmsn, a mixture of fused nrsenkics of cobalt, nickel and 
other metals; and 

(3) Stag, representing the ns’ky Tiiaterials of the ore I'omplex ; 
as far as jmssible, the more oxidizable metais of the ore, sueh as 
iron. sU ul<l be eliminat<>d in the slag, which is generally throw'll 
away. 

The bullion is further tieati'd for the ri'covery of silver' by 
melting in an oil-tired tilting furnace acting on the |)rineiple of the 
Bessemer eonverb'r. An air-bliust is jiassed through the molten 
bullion, which tends to oxidize thi' inqnirities. Oil-healing is not 
needed for the first half-hour, as the heal of oxidation of tlie ha.se 
metals maintains the hunperatun- AfhT about three hours the 
.silver has reached a purity of over 9!) |)er cent., and it is castl'd 
into ingots, which are sent lo the silver n'linery for furtlu'r 
treatment. 

The s|K'iss whi< [i still eonlaius some silver, as well as eohall, and 
nickel, is linely crouml, mi.xc'l with .salt and roasted usually in a 
reverhe(ator\ luniaee This ecaiverls most of the remaining silvi'r 
to chloride The ore is extracted, lirst with water, which dissolves 
out some of the eohalt. nickel and eop])cr as ihlorides, and then with 
siidiuin thiosulphate so as to recoviT the .silver, which is afterwards 
prei ipitati'd by means of sodium sulphide. The desilverized speiss 
is then mixed with .siliceous fluxes, ])assed through the blast-furnace 
a second time to ?emdve iron, again roasted with salt, and extracted 
as before, first with wati r' and then with sodium thiosulphate. The 
rfJhiduo is next mixed with srslium nitrate and sodium carbonate, 
and roa.stcd in a rc\ erheratory fuina'-e ; this treatment converts the 
arsenie to the state of sodium arstviate, i.hieh can afterwards he 
leached out with water 

The residue left at this stage consists of oxides of cobalt, nickel 
and iron : they may he dis,solvcd in a< id (tiyd''iK'hloric or sulpheeic) 
and thi. f.iree metals must then be separati'd by fr,' otior.'.l pre¬ 
cipitation. As already stated, the quantitative iiparatioii is 
djftibult, hut a rough parting is carried out in the following way. 
ijufficient lime is ..dded to precipitate the iron as hydroxide NJxt 
lodium hypc'chloiife is added, and the eohalt is hnsjght down as 
cobaltie hydroxide ; finally, by the aildition of further milk of lime, 
nickel also^is precipitated. The hjdlroxide of cobalt car be igritod 
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t<) givp the oxide CojO,, which is used as the material for the 
manufacture of other cohalt compounds. If snetallio cobalt is 
re<(uirod, the oAlo is reduced by heating with carbon in-an oil-fired 
furnace. In one Canadian smelting works, the crude metal abtained 
is separated magnetically from the excess of carbon and romelted in 
an electric furhace. It can bo granulated, if required, by pouring 
molten into water, ‘ 

The watery c.Aract obtained after the leaching of the salt’-roasted 
sjm'Lss with water contains copper, cobalt, and nickel. The copper is 
removed with scra|)‘iron, ami then the cobalt or nickel are pre¬ 
cipitated with alkali. • 

An important liy-product of the cobalt-silver industry is white 
arsenic (arsenious oxide). The fumes from the various roasting 
furnaces must not be allowed to escape directly into th(“ air, but 
are piissed through a bag-house where large amounts of crude 
arsenious oxide is caught. On redistillation, it yields a much purer 
grade of white arsenic. 

Cobalt Plating. The main future of colialt in the unalloyed 
stale appears to be as a material for plating iron, steel, I)ras3, and 
other materials.' At present, nickel is largely used for this purpose, 
but it has been .stated that cobalt-plating is aelually more durable 
anil less liable to corrosion than nickel-plating. C<’rtain trials with 
<K)balt-plated articles of a kind which ari^ subjected to considerable 
abrasion in use (skate-blades and automobile parts), appear to 
indicate that this form of plating has unusually good ^baring 
qualiths. The plating adheres well to the steel, and shows no 
tendency to strip at the edges. 

The plating of steel with cobalt is carried out in the same way as 
nickel-plating. The articles to bo plated ape njade the cathodes, 
whilst the amxles an^ of cobalt . The bath consists of a solution of 
n cobalt salt. One bath which has been highly recommended is 
simply a saturated solution of cobalt ammonium aailphate. Largely 
owing to the fact that the cobalt salt is far more soluble than the 
corresponding yickel compouyi, satisfactory printing can be carried 
out at a current density far exceeding /Juit possible with the 
analogous nickel bath. It was stated in 191,') that good deprosits 
of' cobalt could be obtained four times as quickly as waf,possible 
with the fa.’jtest nickel-prlating solution then in use ; rapidity of 
printing is, it should be stated, an important factoip.in determming 
the costs of plating an article. Since that time, however, those 
interestiHl in nickel-plating, stimulated bjMho possible oompetitiop 
of cobalt, have made considerable advances in'rapid nickelling. 

r-H. T. Krtliiuis, C. H. Harper aivt W. h. Saveli, Trans. Amer. Electroebem 
ISoc* Vt (lOSe), 7,'r; B. Carr, Trans. Far’iday O'rrc. Ii6 (1021), fSS. 
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Another good cobalt-plating bath, containing cobalt sulphate, 
• sodium chloride and boric acid, is even more rapid. Prolwibly the 
l)oric a«id lerves to maintain the hydrion concentrdtion within the 
correct dimits, thus combiuing clean deposits with high current 
eflSeiency, whilst the chloride prevents the cobalt anodes from 
becoming pa.ssive. and thus avoids danger of the ^aath becoming 
depleted of coljalt salts. Since cobalt is much less liid)l<' to ])assivity 
than nickel, one of the main troubles met with in nk kel-jdating arises 
only to a miieh smaller extent in platinj^ with cobalt. 

Cobalt .Alloys. Several alloys eont.lining cobalt seem likely 
to have a. considerable importance. “Stellite."* an alloy con¬ 
taining cobalt, chromium, and tungsten, with soim^ carlKUi, has been 
strongly advocated for the manufacture of tools ; it is said to bo far 
superior to high-speed tool steel as regarils the life of the tools. 
Stellite is used al.so for surgical instruments and some automolrile 
parts. It has good anti-corrosive iiroperties, being unattacki'd by 
hot caustic alkalis, or by the acids contained in fruit juices. Stellite 
is very stable toiiards atmospheric o.xidatiiai, and has been siigge.steil 
as a substitute for platiniini in jcuellerv * 

In some varietii's of stellite, molybdenum is iiscil in I he phu'C. of 
tiHigslim, whilst a inoditied alloy of the same class. 1 nown as 
Kestcl metal, coiisisls of cobalt, iron, and chroniiiim ; Kestcl metal 
has been us, d fi r table knives 

An aUoy ot cobalt and chromium, analogous to nichroine, has 
been recivnmcndcil for the winding of electric furnaces ; it is .said 
to be even more imiiiiinc from oxidation than the nickel-chromium 
allot used at present " Other binary alloys of cobalt and chromium 
have been u.sed for dental and surgical iastruments. 

In addition, cijbalt, is to some extiml used in alloy sta'Is in 
the place of nickel. A steel with IJ.'i per cent, of cobalt, pos¬ 
sesses valuable ]iro]rcrtics for the manufacture of permanent 
magnets. 

Cobalt as a Colouring Agent in the Glass and Ceramic 
Industry. Cohalt oxide added to ^ glass mixtiir''. even in such 
small quantities as 01 percent rprodu'cesa very deep blue coloration 
in the resultant dass, tlie coloration bi^ng. of course, an.alogous to 
that»pri»d,g;ed when a_trace of cobalt Ls .ulded to fused borax. In 
addition to the ii.so of cobalt oxide in the mamifaeture of blue gla.ss 
proper, a '’onsiderable amount is cmployixl in the maniifi ■ tuse 

' S. B. Wrl'ghc, Ca>i. Mm. Inat. Jki (Il)l8), 272 ; L. (iuiUitt biiti H. 

6odfroid. Rev. Met. 339; K. L. Kronfeltl, Ame.ni Machinitif, 5-J 

(1920), 293; E. HnvneM, Trans. Ainer. El^'ctrochnn. Soc. 37 (1920), 307. 

*E. Haynes, J. Ind. Eng. Chetn. 9 CJ0I7). 974. , 

^ C. Baak^rviJlc, lr<.e^ Coal Trades Rev. 88 (1914), 501. *. 
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of blue cnamolfl (for coating iron), and likewise as a colouring 
material in the ceramic industry. • • 

In very much smaller quantities, cobalt is used in bqfh Uie glass 
and ceramic industries to aid in masking the green or yellow colours 
which arc jiroduccd by trac<;s of iron. In glass, mixtures of man¬ 
ganese and cubalt oxides are used for this j)uri)o.se, chosen to 
jmsluce a hluish-viofct tint complementary to the yellow-green 
colour caused b} fiTric iron. In certain kinds of china, the body 
is “ whitened ” by the addition of cobalt. 

Cobalt Pigment^. It.a much larger proportion'of cobalt than 
is used in cobalt glass is added to a fused mixture of sfficates, a 
crystalline potas.sium cobalt silicate can be isolated on cooling. 
This is sometimes used as a pigment under the name smilt. It is 
made by fu.sing sand, potash, and cobalt oxide in a small glass 
furna(!e, the prorluct being granulated by running into water, 
after which it is grotind. It is levigated, so as to separate the grains 
f)f medium size, which alone are of value ; the finer grains have too 
light a colour. 'I'he composition of smalt is rather variable, but the 
crystals obtained by adding cobalt oxide to a .solution of silica in 
fused potassium fluorides have the eompo.sition K 50 .C'o 0 ..'iSi 0 j.' 

Various other blue and green pigments contain cobalt. • 
“ Thenard’s Blue ” is essimtially a cobalt aluminate. 'J’hc blue, 
precipitate obtained when a solution containing the salts of cobalt 
and aluminium is piecipitated with sodium oarbonato has been 
employed, but a finer blue is produced when freshly psccigitated 
cobalt |)bosphato is heated with freshly precipitated aluminium 
hydroxide. The main constituent of the pigment is probably the' 
spinel (V)0.Al,0,i. A green alunnnato, containing more cobalt 
oxide, has also been produced, but requires a^ longer period of 
heating; the formula TCoO.SAljO, has been assigned to it. An 
• important green pigment known as Rinman’s green is produced 
by the union of eobaltous oxide with zinc oxide. It docs not 
consist of a deliiute compound, but of mixed crystals having a 
variable composition, (Zn,CAW), which belong—as does pure zinc 
oxide- to the hexagonal syrtem.®, It is often madf by heating 
cobalt phosphate with ziiv hydroxide. 

Cobalt Salts as Driers. Like the compoundq, of vu^"y other 
metals with .more than one oxide, cobalt compounds catalytically 
aid the abslwption of atmospheric oxygen by linseed oil and qthor 
oils of that class, and aro much employed as “ driers ” in paints tftjd 

varnishes. Various cobalt eftmpounds h%ve acttially been used far 

* « 

‘A. Diilioiu,* Covkplfft Rnul. 172 (1921), 972. 

H*:lvall, ZatacL Anorg. Chem. (1914), 201 ; 121 (^922), 221. 
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this purpose, but, as in the case of manganese, tlierc' is a considerablo 
.advantage in introducing the metal as ttu' " linoleate.” Com- * 
parativ« experiments appear to show that cobalt •compounds are 
more efficient driers for linsewl oil than those of any other metal, 
Isiing superior to tlu' eom])ounds of manganese, cerium, or lead.’ 
For olive oil, there seems to be little to cboosc \|c't wron cobalt 
aiul niafigaiicsc*. • 

# 

' M. Ma<'k«i\ .uiti H Injjic. J, Sov Cluni i iid, 36 (lltlT). 317. 



NICKKL 

At(^inio weight .... 58'68 

• 

Tile propertieji of mokcl arc related to those of cobalt and iron, 
\rhich pn!ccde it in the p(!riodic tabic, whilst it bears afso a 
reseinbianco to e8|)j)er, which follows it. 

» 

The Metal 

Ni(!k(!l is a grey-white metal, capabh^ of assuming a brilliant 
lustre when polished. The specific gravity (8-8) is a little higher, 
and the melting-point somewhat lower (1,452° (,'.) than in the cases 
of cobalt and iron. Nickel is rather harder than pure iron. As in 
the case of iron, the pro.seneo of non-metals, such as hydrogen, 
oxygen, sulphur, or excess of carbon, is apt to render it brittle. The 
pure miital is du<;tilc and malleable. It is magnetic at low temper¬ 
atures, but as in the case of iron-the magnetism disappears when 
heated.' The disa]ipearanec occurs in nickel between .‘(4.5° apd 
:!7()°(f, the magnetic transformation being shown by an arrest on 
th(^ ■'cooling-eurv(^ ” ^; the change H(^cms to bo .aicompanied by 
a discontinuity in the c\irves connecting the eleetric.al resistance, 
thermo-electric pro|)erties,’ and coefTicient of expansion * with the 
temperature. " 

Nickel stands oidy just on the, reactive side of hydrogen in the* 
I’otential Series, and consequently dis])laces hydrogen with no great 
readiness. However, when nickel is immer.sed in hydrochloric acid 
containing platinic chloride, black platinum'is gfadually dcp.osited 
, on the nickel, and then a slow evolution of hydrogen commences, 
lly dilute nitric acid the metal is rather moroj’cadily attacked, 
but (smeenfrated nitric acid renders nickel—like iron —passive. 

Nickel can easily be rcnd(i''ed passive by anodic treatment in a 
bath from whioh chlorides ar(f absent, fhcj uirrent (hmsity required 
to bring about passivity be'.ig imu'h lower than in the case either 
of^iron or cobalt." ^ i 

Nickel is remarkably stable towards atnuwpherit* oxiftation,” and 

■C 

Cunc. .4 h«. Chitn. Phys. 5 (1895), 391 ; K. Hondeff /nn. Fhyr^ 32 
(1910), 1008. 

®Bttlkow, hit. Ztitsch. Met. 6^^1914), 115. ^ 

t »E. P. Har^^ison. Phil. Mag. 3 (1902), 177, «91. • • 

* K. Jai\ecko. Zeiti^h. Ekktwrhetn. 25 (1919), 9. * 

“Cojupaiv If. U. Bvers and C. W. Thing, J. Amir. Chem. !Soc. 41 (1919), 
190^ ... ' ^ 
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the compact metal suffers no appreciable change under ordinary 
conditions. It is, probable that an invisible proto<;tive film is . 
produced over the surfn< (', for tlu' finely dividec^ metal o.xidizes 
readily , in *air without pre\ iou» lu'ii^ing, and may aeliially be 
pyrophoric. 

Nickel takes up hydi-ogen gas even more readily Ijiaii iron, being 
eapable*o( di.ssolving seventeen times its o«,n \oluni<‘ of that gas. 
Finedj'-divided nickel satiuated with hydrr)gen is a |*o\verful reducing 
ageiif. The hydrogen is probably partly lul.sorbed uium the surface, 
partly dissolved within the metal; the absorptitm of hydrogen l>y 
metals i^eonsidercd further in the seetfon on iiulladiuin. 

Laboratory Preparation. Niekii is best obtained from its 
compounds by the electrolysis of tlu* aqueous salt solutions, a shiny 
deposit being ])rodiieed on the eathoile .solution of the sulphate, 
made faintly luid with iwetie or boric acid, or, indeed, any of the 
plating-baths mentioned in the teehnieal section, will serve the 
purpo.se. The (juestion of the ch.iractcr of tlic deposit and the 
current (‘flieii'iiey will thi're be discussed, h'inclv divided nickel is 
prepared, as a lilaek |iowder, liy healing the oxide .strongly in a 
current of hydrogen 

Compounds 

.\ll the s.dbs ol nickel are derived from the oxide NiO, I'orrespond- 
ing to ffrrous and eobaltons oxide Highei oxides. Xutt,. ,Nit).^,and 
possiljy others exist, but tliiy seem to have no basic character. It 
is interesting to lade that the salts in winch the metal rs trivalent' 
an in the ease of iron, quite fairly stable . in the ease of cobalt, 
they are unstable, exei'pt the eoiiiph'X ^alts . and in the ease of 

nickel they are prae*ically absent. 

• 

A. Compounds of Divalent Nickel (Nickelous Compounds)* 

• 

Nickelous f)xTtle, NiO, is formed when the iim ly diviflcd iiK'tjil, 
or the carbonate or nitrate, is igniU*(Nn air .U a liigli temperature. 
It is also obtained by heating the nieial in steam, orJ;y the reduction 
of the highA: oxide iniiydroe^n at (he anhydrous ox»de 

has a green colour, but liecoin* s ^How \vb<‘n heated. ihc 
hydrottd^, Ni{OH)j, is itreparcd by treat iifg an aqueous solution 
of a salt with caustic alkali, and is a pale green piei'ipiti'*e. It 
dis^lves in «amds forming green solutions of nickelous salt' Mid 
#esemblcH copper hydroxide in being soluble in ammonia, \^.ilh,the 
formation of a viSld-blve liquid. * ^ 

The nickelous "salts are formed in solutifui when the metal or 
the hydroxide is dissolved in aja*acid. Ihe hydrated salli> are 



174 


METALS AND METALLIC COMPOUNDS 


green in tlie solid state, and form green solutions ; but, as in the 
case of cobalt compt)unds, the anhydrous saltg have a different , 
colour, being, in most cases, yellow. Most of the anh^’drous salts 
have the ])ower of absorbing ammonia gas, giving violet additive 
conifKiiinds; som(^ heat is evolved during the absorption of the 
gas. 

'I’ht! sulphate, as obtained by crystallization from a()U('oiis 
solution at roon temperature, has the composition NiSOj.THjO; 
th<^ green rhombic crystals arc isoinorphous with the sulphates of 
iron, inagncHiiim, 'zii>(% and many other metals. The yellow' anhy¬ 
drous salt (NiSO,) is (d)tained when the crystal.' any strongly 
heated. A .solut'on of niclol sulphate containing ammonium 
sulphati' ile])osits dec)) gnsm crystals of the double salt nickel 
ammonium sulphate, (i\Hi).,.SO, i\'i.S(),.(ill..O, isoinorphous with 
the corresponding iron comjiounil. 

Nickel nitrate, NifNOdj.liHjO, is very .soluble and delupie.scent, 
and is best prepared by evaporating the solution of nickel in dilute 
nitric acid. A .solution of nickel or nickel o.vide in hydrochlorie 
acid deposits green crystals of the hydrated chloride, NiClj 
but if evaporated to dryness in a current of hydrogen ehlorifle gas, 
the anhydrous chloride sublimes. The latter can also be prepared 
by the direct action of chlorine on the metal, it can be purified by 
sublimation in a stream of an inert gas, and then forms golden 
flakes ; but if heated in air it is largely' converted to oxide. 

The insoluble salts of nii Kel include the carbonate, NK'0,„ and 
various phosphatc.s ; these are green jireeipitate.s obtain'ed by 
double decomjiosition. The sulphide, NiS, on the other band, is a ' 
black precipitate, formed when ammonium sulphide is added to a 
nickel salt. It is not formed in the jiresenee of acids, but when 
once precipitated it is not redis.solved or at least only very slowly' 
yedissolved on Isiiling with hyib'whlorie acid. It is not dissolved 
by c.xeess of pure ammonium suljihide ; but “ ypllovv ammoniuhi 
sulphide,” which contains jKilysulphides, dissolves it (or, jierhaps, 
peptizes it) to a sutlieient extent to cause a brown coloration in 
the filtrate. '• y 

When potassium cyknide.as addtsl to a nickel salt solution, a 
green precipitate of iiickee cyanide, NifCN)., is formed. This 
ilissolves in c.xeess of the precipitant, and from the solution, the 
double .salt. 3KCN.Ni(CN),. can be obtained by recrystalliza.tion. 
Alfhough this salt probably behaves in solution to a cl'rtain e.xtsj't 
as vi coinple.x salt, K,[Ni(C?J) 4 ], the solution pentains sufRcienl 
niokol ions to show most of the ordinary rrtvetioii of ilickol. Nickot 
can be completely precipitated as nickelic oxide by the addition of 
caufhjie alka'i and a hypochlorite to a cyanide,solution; this fact 
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has been used to detoot nickel in the presence of iron and cobalt, 
which possess more stable complex cyanides. On the other liand, 
’nickel is not precipitated by animonitim sulphide from a cyanide 
Bolutiont an® this fact serves to separate it from zinc, which has a 
less marked tendency towards the formation of complex anions, and 
can be precipitated under these conditions. ^ , 

15. Compounds of Trivalent and Tetra\*tlen^ Nickel. 

Hi^er Oxides of Nickel, When nickelous nitrate is heated 
in air at a low tpinperatme, the black jiroduet epntains more oxygen 
than the^noni^xide, and is generally described as being niekelie 
oxide (Ni?)^). The oxygen content ajipears U)»be variabk', and 
iweording to some authorities,* the product often contains NiOj. 
When heated strongly, it loses oxygen, niekelons oxiile being 
jirodueed. VV'hen a niekelons salt is tre.ated with alkali in the 
presence of an oxidizing agent, sneh as .sodium hypoeldoiite, a black 
precipitate is produced which is generally described as the tri- 
hydroxide, Ni(OH)i But here again the oxygen-eonti'iit is very 
variable, depending upon the oxidizing agi'iit used, and upon the 
conditions of precipitation.- It seems jios.sible that a series of solid 
solutions with oxygen-content \arying from NijO., to NiOj can 
exi*t. The hlai'k jieroxides have no basic eharai ter , win ii treated 
with sulphuric or hydroehlorie acid, a nickelous .salt is formed, 
oxygen being evolved in the one easi- and chlorine in tin' other. 

There tire indications that the oxides NiOj ainl Nit), (and also 
solid solutkm.s of eomjiosition interiueiliate hetwei'ii the two) may 
be formed by the anodic oxidation of niekelons oxidi' dining the 
ehaieiiig of tin' “ nickel aeeuiniilator This matter will Is' 
discussed in the teehnieal section, but it may be mentioni'd at this 
point that the re.snlts •eem to indieati' that the oxide Ni/), has a 
real cjSstcnee. The higher oxide NiO, is black and very unstable. 
It <ippears to have a weak acidic eh.iriu ter, since a derivative, 
BaO,2Ni()2, is foflin'd wlii'ii lueki'lie oxide (NijO.,) and barium 
carbonate are heated in the pre.senee of air in the electric furnace. 

Higher Sulphides of^ickel. Tv|i sulphides eifrresponding to 
the oxides jusV deseribeilare knliivn. ^y tn^iting nieki'l carbonyl 
with a solution of sulphur in carbon di\liihi<^e, NijN,, is obtained 
as a blaei? |*reeipitate. • The other sulphide, .Ni.Sj, coiTesponding to 

* J. Krieml, ■ Textliook of tnergiLiiie (.'lieiiiislry,” Voi. t-X, jVi-t I, 
p. Uif ((irifflii) ;• W. Vaiils'l, Ch.m.Zr,!. 46 (11122), !»7K, SCO'Stliiit. if .lek.l 
01^0 18 treaU'd witli iiitrie and. tlieii lieap'd lo driva off Itie twin, aisl 
fiiwliy heoted 111 ail aiAiotti at 2SII 220 e’,,*ltie prodiii't lias IliecmiipoMilioii 

NiO,. • • 

*1. Bellucri and K. Clavari, Att‘ Arratl. L/fu'ei, 14 (1110,'i), ii, 224 ; O. K 
Howell, Trans. Chem. i^oc. (1922). -- 
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iron pyrite«, is made by strongly heating nickel and potassium 
carbonate with sulphur; after removal of soluble substances by 
water, a grey powder (NiSj) is left behind. ' 

Miscellaneous Compounds. 

Nickel carbonyl, Ni(C())i.' Nickel shows a gieater affinity for 
carbon monoxide than docs iron or cobalt. Only one eafljonyl of 
nickel is knowiA but thi.s is characterized by considerable «t^ility, 
and can be obtained without the employment of ])rcssures exceeding 
that of the atmo.sphcrOj If finely divided niekiil, obtained b}’ 
ifducing th(! oxide in hydrogen, is warmed to almut JJJ)" C. in a 
eiirnmt of carboTi monoxide, and if the gas is led off tlu-ough a 
U-tube eooksl in ice, a colourless liquid collects in the U-tube.- 
This is nickel carbonyl. It is quite volatile at low temperatiu-es, 
giving off a heavy ]ioisonous vapour, and actually boils at 43"('. 
'I'he vajiour is stable above the boiling-point, possessing a normal 
density at .10" C. Wluui heated to about (Kt ('. it decomposes, 
usually with an explosion, hut, in the presence, of uneombined carbon 
monoxide it is more stabk'. Nk'kd carbonyl freezes at —25“ G. 

The liquid carbonyl is scarcely decomposed by au'-free water, 
in which it dissolves to a small extent, oi' even by aqueous solutions 
of acids or alkalis. It is readily soluble in benzene, alcohol, chloro¬ 
form, and other organic solvents, the solulions being fairly stable. 
On the other hand, nickel carbonyl is (pnckly oxidized by the air, 
with the formation erf niekad hydroxide. 

If a stream of carbon monoxide containing nickel carbonyl 
va|M)ur is pa.ssed through a heated glass tube, a metallic mirror of 
nickel, containing carbon, is produced. 


f * 

Analytical 

Nickel compounds impart a brownish-yellow colour to a borax 
bead Imati'd in th(> oxidizing Harne ; in the ri'dueing flame the bead 
becomes greyish, owing—it.j,is said -to the formation of metallic 
nickel. ‘ . 

Solutions of nickel waits ^e usudlly green, but beedme blue when 
treated with excess^of aipmonia. Gopjier, also, yields an intense 
blue colour with ammonia. • , • '■* < 

An <'xttiMrdinarily sensitive teat for nickel (known jis the 
'* glyoxime test ”) de|>enda upon the fact that u-dtmrthyl-gly^ime 


^ I,. ^tulKl. t'. l-anger, and F.•Quincke, Trans. t.Vc-a,."iS'cc. 57 (1890), 7tp. 
*,I, Dowt-r amt*H. (). -Joiic.h. Tran'i. Chem. Soc.^Sb (19,04), 509. 

* K, '1'as.siltv. H. FVuau, and F.. Rau\, Ilvll. Sac. Obttn. 29 (1021), 862, recom- 
mwnt a tciu(*eratun' at 46° C. aiif a pressure of It cm. of mercury. 
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added to an amiuoniacal solution containing a nickel salt prtxluces 
^ an intcMist' scarlet ^coloration ' This reaction will serve to detwt 
nickel at a concentration of one part in l.(ltK).(K)0 4 )arta of water; 
if canned old carefully, it is evini ]>ossihU' to detis't one jiart in 
30,000,0<Ki,-! 

Like cohalt, nickel yields a hlack pnaipitate with anwuoniuni 
sylphida in tin* prt'scnci* (d annnoina 

Tin* separation from otlier metals is i-iirrusl on. in I'xactly tin* 
.same w'ay a.s that of cohidt. whilst the incthoil of .separation of 
nickel from colialt hy means of dnnciliyl glyoxime was referred to 
in the section jlcaling with the latter metal .\Io.st of the remarks 
made with reference t<i the prwipitation of col .lit apply also to 
nickel . it is hetter to [ireeipitate it hy potinssiiim persulphate in the 
presence of a littk- alkali than to pris'ijiitati* hy means of hroniine, 
since in the latter method a large exee.ss of alkali is needed, and the 
precipitate always contains adsorhed alkali The rapi.i niethod of 
throwing down eohalt hy ini'ans of potassium iodide and ammonia 
can he applied eipially well to n,ekel 

Having remoxed all other metals from the solution containing 
nii'kel, it is hi-st to deposit the nieki'l elei-trolytieally and weigh it as 
metal. A .solution containing e.xeess ot ammoniiim oxalati* is often 
reitimmendcd. hut this must he warmed during electrolysis; 
moreover the deposit, of nickel is liahle to contain earlion which, 
under eortam ei,. ■im.stanees, may cause sufiicient increase in weight 
to ('onstltiiti' a pereeptihle error If the nickel is deposited from 
a solution eontaniing amiuonnim sulphate and excess of iimmoiiia, 
th'*se ohjeetions are avoided ; electrolysis is conducted at the 
ordi larv temperature.' 

Where nickel has heeii .sejiaratcd Iroin eohalt hy means of di- 
methyl-glyoxniie,»thet,red precipitate, which has the composition 
(‘an la* tihered through a (looch eriicihle, dried at 
121) f . and wciglicd 

A voliimctiie method of e.stiniating nickel deiiends on titration 
with potassium cyanide in a .slightly ammoiiiaeal solution, silver 
iodide heing used as an indicator 'I’li* solution (eoDtaining sislium 
citrate to jiriwcnt preeipdation«if iroiVif jin.^ient) is made alkaline 
with ammonia and tn-ated with a kno\i amount of silver nitrate 
and ex' s^of mitassiiyn iodide, (.'yanide softition is rim in un'lil 
the silver iodide hr gins to di.s.solve , when no turhidityj(ap]iecrs on 
slaiiyjrig for fifteen minutes, it is known that cyanide i.s pres"nl ift 
eveess. Afterwards a blank ' titration is carried out w.itli,a 

0 ■ s • “ 

‘ L. TsrhugucS, Un. 38 (ItHW), 2r,2it. 

*A CIiiiKtoii Chapman, 2'ran/i. ('hnn. Snc. Ill (I9I-7). 21H. 

^ W. J Marnh. J. I'hytt. ('hem. Ife (1914), 705. 

M.C.—VOB. III. # • 
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solution containing tLe same amount of silver nitrate, but no nickel; 
and the titration reading is subtracted from the result of the previous^ 
experiment.' f ^ , 

'I'krre.strial Occurrence 

Niok«l is a metal almost invariably associated with the most 
iiasic portions of intA’Usive rock masses. There are two localities 
])os8essing special importance owing to the occurrence ofjyckel. 
The first is the >Sudbury district of Ontario (Canada), where the ores 
also contain cojipcr,* and (he second is Now Caledonia. In addition 
nickel ores occur in the Erzgebirge, in Norway, tind ,,'>lsewhere, 
but such ores art: comparatively unimportant. 

In the Sudbury distriid all the rocks have been folded into the 
form of a basin or syncline (see Eig. 35).- 'I'lie nickel-copper ores 



Kio. Sudbury Syiiclino, siinpbrieii Ms-tum, fiu'iug South-west. 


occur in an intrusive igneous mas.s, tlu> inner and higher portions of 
which arc comparatively acid in composition, being .syenitie and even 
granitic, ('‘micro-pegmatite”); in the outer and lower portions, 
however, near the junction with the country rock, the eompositiou 
becomes highly basic, the rock jmssing gradually into a “ norite." 
It is at the e.xtreme fringe of the norite, resting upon the country 
rock itself, and also in the olfshoots from the main intrusi^ai, that 
the suliihide minerals containing copper and nickel are found. 
'J'herc has indeed been very much controversy regarding the origin 
of the ores.^ It seems probable that the sulphides must have 
separated from the silicate rock-mass whilst the whole was still 

■ K. K. laitlio, ,;. fiot!. Chaip 1ml. 41 (1925), 270t. 

^ on tlio tliaj^rain given by A. Coloiimu, liur. Mints, 

(}ntano, 14 (190r)), P'^rt 3. 

•’See J. 11. L. Vogt, ZvUm'h. Pmkt. (hoi. (iJ'O'i), I*-'; 1/ tl. B/owne, 
Econ. (hoi. \ (I90b), 4()7 ; A. E. Burlow, Econ. Ucol. 1 (1900). 454. 545; 
,W. Canipbf^il and C. \V. Knight, Eng. Min. J. 82 (15HM>), 909 ; C’. W. Lickson. 
Trans. Ainer. In.^t. Min. Eng. 34 (1903), 3 ; W. (». Miller attd C. W. 

Eng. Min. J. 95 (1913), 1129 ; C. \V. Knight, Eng. Min. J. 101 (1916), 8:i ; 
102 (1916), 554 ; 0. E. 'rolniui; and A. E. Hogori«, kng. Mot. 'J. 103 (1917), 
'220; E. Hotfe, Econ. (hvl. 9 (1914), 505; M. A.'Drt'swer, Econ. Oeol. 12 
(1917), 503 W. Lindgvt'ii, Kron fhnl. lb (1920), 535; J. W. (tregory, 
2VfifiN. ('him. Soc. 121 (1922), 456. 
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molten, since (as is well known to smelters) molten sulphides 
,(“ matte ”) are notiiiiscible, except at extremely high temperatures, 
with molten silicates (“ slag ”); it is suggested that rtie high specific 
gravity of the sulphides, uliieh an? much lieavier than the silicate- 
mixture, caused the separation of tlie t« o phases, the sulphide phase 
naturally sinking to the bottom. It is very probable that the 
differentihtion of the sulphides and the silicates took phme dimp in 
the earth’s crust, before tlu' molten RK'k wu.s forced up into the 
present position. On the other hand, some gi’ologista assert that the 
concentration o^ eop|K'r and nickel m the jila.es where they are 
now found took 4 )lace long after the main intrusive igtu ous mass had 
solidified, and a.s.Hume that the ores were deiwisited by thermal 
waters. It is cxlremidy hkeiy that not all the ores were prishiciHl 
in the .same way ; some of the de])osits may have been a segregation 
from the molt<'n magma, as suggested above ; others may have 
bc'cn deposited by thermal waters arising from the mass or perhaps 
from some later intru.sion 

'I'he main sulphide mineral found at the edge of the intru.sions is 
the iron sul]ihide, 

I’yirhotite .... (KeS)|S 

lmt”it e.'iists in tine admi.xtute with the eopjier mineral 

I'haleopyrite .... ('ul'’eS^ 

and the nirkei mineral 

I’entlandite .... (KeNi)S. 

It is tate<l that the eop|ier mineral is mainly found at the e.sfreme 
ontshle of the igni'ims mass, right against the wall of the country 
rock, whilst the nti kei- is jirineipally eoncentrab'd rather further 
from the edge. 'I'his is a .natter of some little interest, as the same 
segrogation of copiier at the edge is met witfi when an artificially 
prepared mixture of fused iron, i op|K'r and nickel sulphides (the 
“ matte ” of the .smelters) is allowed t^i .solidity in a fiirnnee. 

The Kudbnry ore contains on the average about a jier cent, of 
nickel and 1J fier I'eiit. of eopjier, as wed as ai. aiipreciabic amount 
of silver, gold, paliadiura, and jilatinuin. t is commonly stated that 
the nickel oc-mrs in the pyrrhotite it.sclf, replacing the ir in--.is in a 
mixed crystal. But a study of etched and polished se.,ii'ms of the 
ore-niass—prcparcil in a manner similar to sections of alloys— 
hac made it certain that the nickel iHcurs in a separate plmaff, 
namely, as jienthndite. The pentlandite is not easily ibstinguished 
from the jiyrrhotite—both being minerals of a pale bronze yellow 
ctdour and metallic Ipstre; but if tlifi rock section is et' hed wifh 
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hydrochloric acid, the pyrrhotite is more readily attacked than the 
jK'ntlandite, and the difference is made clear.'* ^ 

In addition 'to the nickel-copper ores of the Sudbi^y ciistriet, a 
considerable amount of nickel occurs in the complex cobalt-silver 
ores of the Temiskaming district of Ontario, mainly as the arsenide-s 
Niccolito .... NiAs 
((bloaiithite .... NiAsj 
and the sulphith; 

.Miflen'te ^ . . . NiS. 

Niccolite is a pale eopper-red mineral, whilst cMoatv'hite has a 
tin-white colour. Millerite is peculiar in oeenrring in slender 
hair-lik<' crystals. 

The Teiniskauiing ores have been referred to in the section on 
cobalt. They are. situated within ItKI inile.s of Sndimry, and like 
the Sudbury ores ar(( of Pre-Cambrian age.- 

l?y the weathering of niekeliferous ores along the outero]), various 
sulphates, oxides, carbonates, and arsenates have been pnaluced 
The niekeliferous deposits of Norway are also found in a fring<! of 
pyrrhotite and other minerals separating an intrusive norite from 
the country rock, and would seem therefore to have an origin 
similar to the Sudbury <ires. On the other hand, the ores of New 
Caledonia are .somi'what different, occurring in a .serpentine rock. 
'J’his must originally have been p<widotite, that is, a highly basic 
igneous nx^k composed easentinlly of the mineral 

Olivine .... (.Mg.KejSiO, 

Tliis particular peridotite evidently contained nickel, as well as 
iron aiul magnesium .\s was staled in the .section on magnesium 
(V<il. 11), peridotites readily undergo changes ; ,sind, whep the ma.ss 
of the olivine became hydrated, as the result of weathefmg, to 
Serpentine .... ffJIgO-Si02.2Ilj0, ' 

various hydrated silicates containing nickel, such as 

Oarni-rite . . ' . . (Mg.NilSiOj.nHjO, 

were also formed.^' As tci whct'her garnierite is R-ally a definite 
chemical compound is a little doubtful. The niekeliferous silicates 
are mainly found'm the cracks which 'oym an.intrjcale network 
throughpp' the whole mass of serpentine, but also occur at some 
l«iints in irregular mas.ses. Undoubtedly water pvreolating ^ough 

' \V. Canipls'll ami C. \V. .KniglU, Kng. Min. d, (lUOU), lt09. '' 

* The i-ene.ct tarn beta can the Sudlniry om,. the 'JVniis'-.aimng ores, anA tho ‘ 
gold urea of tlio Porciipuie Dwtnet la discusis'd l>y W. C, Miller and C. W. 
vSiiiglit, Kng. Min. J. 95 (191*1), 1129. 

■ F, l>.‘ Power, Trann. hint. Min. Met. 8 (I900)i 42(1. 
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the cracks has assishsi in concentrating the nickel at certain }K>inta. 
^’he ort' as mined cqntains 5-K jier cent, of nickel, nltliough in some 
of the vyns, in which nickel has hccorae concentratiHl hy the action 
of water, the'cniitent may reach 15 ]>er I'ont, The New Caledonian 
ore, unlike that of Sudlmry, contains no copiicr. 


' MlSTAU.t’KOV AND CsES 

Treatment cf the Sulphide Ores of the Sudbury District, 
Ontario. \s J.<licady stated, the Sndlmry ores <onsist essentially 
of snlphiiles of iron, copper, and nickel . the first-named metal 
predominates. The treatment consists of two main prcwesseit 

(1) The “ smelting ” , that is, the elimination of most of the 
iron, and the rocky inatter, so as to jirodiiee a “ matte ” consisting 
of sulphides of nickel and eop)ier. This is carried out near the 
mines in Canada 

(21 The so-called “refining” of the matte, that is. the 
separation of nickel anil copper from one another, and the pro¬ 
duction of nieki'l in the iiietallie state. 'This has for some time 
lieeij earned out 

(it) III Wales (near .'Swansea) where the Mond Process is used, 

(/)} in the United .States, where the Orford Process is employed. 

It is lyw l.'cing eoniliieted also 

(e) in Canada itself, where the Hybinette electrolytic process 
is weirked. 

(I) The Smelting of Sudbury Ore in Canada.' The elimina¬ 
tion ot the iron from eopper-iiiekel ores is carried out in very mneh 
the same way as |roni ordinary I'opjier ores. The ore is partly 
roasted in heaps in an open roast-yanl so as to expel a portion 
of the sulphur and oxidize part of the iron. The coarse ore is 
piled on a layer of “ cord-wood,” and is then covered with a layer 
of fine ore, which prevents undue la'cess of air. The roasting is 
started hy lighting the wood, hut tin* temperature, is afterwards 
maintained h-^ the heat ,if lombustion of the sulphur, the slow 
combustion continuing for two or three months : the sulphur 
dioxide is dlowerl to escape into the airi Thi method of “heap- 
roasting,” howexei', is incapable of dealing w'ith the greater [sirtion 
of the fine ore, wliieli is generally sintered in Dwight-IJoya maeliines 
(see-j?. 62) or roasted in a multiple-hearth roaster. 

JA mixture of roated ore, iinroasted (“green”) ore, fuel, and 

^ Mond Nickd Company Rejmrt, July, 1014; es|)ocially pp. 22-28; 
T. W. Gibson, Mtn. Ind. 28 (1919), 481 -4 see also J. .S'oe. Chom. Ind. 40 
(1921), 20911.,, 
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if iiBccssary a iiuxing material to render the slag fusible, is then 
fed into a natcr-jiicketed blast-fiirnacc, similar to those used in, 
ordinary eojiper smelting (see Eig. 3fi) The molten^ jinniucts of 
the hlast-fiirnaec! flow into a settler or fore-hearth (preferably 
lineil with ehroniit(!), and there separate into two layers, slag and 
matte. ‘ The slag represents tin; rocky constituents of the ore, 
an<l also contains much of the iron which has been oxidized during 
the roasting ; *th(^ nickel and copper have fortunately a much 
lower alUnity for oxygen, and do not enter the slag to any great 

extent. The matte consists of 
nioltr'ii siilphideseof jjiekel and 
eoppiT, Imt still contains much 
iron. It is removed still liquid 
to a converter (also similar to 
tho.se nseil in copper-smelting), a 
certain ainonid. of siliceous nickel- 
copper ore being added, and air is 
then blown through the molten 
matte until the remaining iron 
and a part of the sulphur are 
oxidized . the iron oxide combines 
with the silica present in the ore 
which was added, and forms a 
slag Tin- heat of combustion of 
the sulphur maintains the neces¬ 
sary high temperature. Alter the 
process is eompleti', the contents 
are tipped into a settler, and 
separate again into two layers, 
slag and ‘matte. 'Phe mj,tte ob¬ 
tained ('(insists almost entirely 
of sulphides^ of copper ‘and 
nickel, and should only contain 

At some siuelting estahlishments it li;is been found possible to 
reduce very much life proportion ("If roasled ore in the blast-furnace 
(;harg(v or oven t(^ omif it altogether. In such eases, the '.'on- 
versiou of tho iron sulphide to ferrous oxide will ‘he effected in ♦ho 
blaat-furivii,e, and, owing to the heat of combustion of the sulphur, 
the amount of fuel needed for the charge can actually be ret^uced 
(as ki the “ pyritio ” smelting of copper oresj. , There is a furtiicr 
‘ advantage in employing unroasted ore , fop whore the ores kre 
previously .roasted, some of the iron may enter the furnace as 
^(TTic oxide, which requires ^reduction to tlje ferrous state before 



Khs. ."iO.—\Vntd>r-ja<kfl<Mi Mlust 
Kunun'o for Nu’kt'l tuid (’oppor 
Smolimg. 


about 1 per cent, of iron,, 
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it will enter the slag at all readily- another cause of fuel wastage. 

• Thus the exten.siy use of green ore in the l>la.''t-furnac»v- apart • 
from t^|e avoidance of the e.xpt'iise of roasting- rypix'sents a real 
wonoiuy of fuel. Hut in spite of thi.s economy, the application 
of “ pyritic " smelting to niekti ores ju-esents diliieulties, as in most 
cases it leads to the production of a low-griuh- matte.* , 

(2) ‘^Refining ” of the Nickel-copper Matte. Each of the 
three .nioei-sses used for separating nickel and co])per depen<l on 
some essential dillerence in the chemical behaviour of the two 
metals, i'hus: 

(a) Nktkel bus a volatile carbonyl ; cojijicr has none (the prin- 
ciiile of the Mond process). 

(/i) Copper siilpliide is soailile in fused sodium sulphide ; nickel 
sul|ihide Is not (the juineii'le of the Orford process). 

{(•) Copper IS more " noble ’ than nickel, and e.iii be |)recipitated 
b\ the lattei from .i salt solution in the metallic eoiidition (the 
essential )iriiieiple ol se|iaration in the llybinette process). 

The three processes can now be iliseii.ssed in turn . 

(a) The Mond Process * is eombieted at ('lydaeli. near Suansea, 
(Wales), the raw material being lopper-niekel matte imported 
frojn Suilbiirv it depends on the fivet that nickel forms a volatile 
carbonyl when carbon moiio.xide is passed over the warm metal. 
Since eo]i|ier f a ins no such eom|iound, it is jxissiblc, from a mix¬ 
ture of^lini 1',-il.-.idcd nickel and eoppir, to distil off flic, nickel 
ill a stream of carbon monoxide, and leave tlii- eop|«T bciiind. 
The nickel i-arbonyl is decomposeil at a higher temperature (IKI) ’ C ), 
and therefore metallit nickel is deposited if the gas is (lassed through 
a hi ated tower. The " distillation ” of nickel in a current of carbon 
mono.xide differs, tlierefoi-e, from ordinary distillation in the fact 
that the “ condoflscr'' is hotter than the ’‘still.” 

Tlio matte is first roasted in a mcchaiii(;aU,v rabbled furnace, 
so* as to yield a mixture of nickel and copper oxides, care being 
taken that th.- tenijieratiire docs not rise too high Under these 
conditions the nickel oxide jiroduccd jxill be in a form not quickly 
dissolved by dilute aci-'s, whereas part of the copper will !«■ <'on- 
verted to an oxide - or perhajis a basic siilphato- which can readily 
be extnw'tcd with warm dilute sul))huri ■ acid After the roasting, 
therefuic, rhe productf is leached with that acid, so to remove 
as much copjier .as pos.siblc. Comparatively little nickel is dissolwd 
ouffand a considerable proportion of the copper (about one-third) 
is also left in thi insoluble residue. • 

The undis-oived ••esiduc, consisting of nickel and t ojifier oxide.i, 

‘See Mm. Sci. Prcsn. 119 (1919), 428. 

* A, P. Coleman, Mm. Sci. PrcM. 107 (1913), 412 , * 

• • 



184 


METALS AND METALLIC COMPOUNDS 


is sont ti) thi! reducing tower, where it is reduced by means of 
water-gas (i.e. a mixture of hydrogen, carbon inotvjxide, and carbon , 
dioxid<!)i with Uie production of finely-divided nickel and jopperi 
The r('duetioTi takes place in cylindrical iron towers woricing on the 
same prineijile as a mnltiple-hearfh roaster. Tlie towers contain 
about twelve horizontal shelves, oiu^ above the other. Alternate 
shelves (first, third, fifth, etie) have openings at th(^ periphery, the 
remainder haviitg openings at the centre. The finely powdered 
o.xide falls in through a hopper on to the top shelf, and is vvorked 
outwards by rabble.s, attiwhed radially to a central rotating shaft 
towards the o[)enings, where it falls on to the second sljclf. ^Here the 
rabbles, fitted witb bladiw pointing in tbe opposite direction, move 
it towards the cenfre. Thence it falls on to the third shelf. In 
this way it passes in turn over all the shelves in the tower, and 
meeting a current of wafer-gas which is blown in below is com- 
plcti^ly redueisl to tbe metallic stale before it reaches the bottom. 
The temperature of the higher part of the tower is kept at about 
.TtO th(^ upper shelves being healed by mi'ans of producer-gas, 
whilst the lower shelves are water-cooled. 

The tinely divided metals drawm out from the liottom of the 
reducing tower are fed into the to|) of a similarly constructed 
“volatilizing ” tower, kept at a temperature of about b0° C. ; 
up this lower a stream of carbon mono.xide passes. A large por¬ 
tion of the nickel is converted into carbonyl, and is carried off 
by the stream of carbon mono,xide. The gas-stream is inade to 
[lass through a dust-idiamber where it deposits most of th?* Dil-Ohani- 
cally suspended matter, and then enters tbe “ decomposer." *, 
T’he latter is a cylindrical ves.Hel tilled with small nickel granules 
and heated to bSO 'C. The nickel carbonyl, coming in <'ontaet 
with the hot nicki'l granules, becomes deeomi)f,sed*i)wmg to the high 
^temperature, and ileposits nickel upon them , thus the granules 
grow eonfimially in size To jirevent the granules from growing 
into contact and thus cohering, they are kept in motion : granules 
are eontmuously withdrawn at tlu^ bottom by means of a worm 
conveyor, and'thosi- withdrawn are automatically raised to the 
top of the cylinder, and reiidrodm'cd. \^hen th'e arVrage .size of 
the granules has reiu’hed that reriuired for the market, the tower 
is emptii'd, and the lidl-size grains are siftr^i fnmv the«ufTdersized 
ones (whioli have been produced by the deposition of nickel upon 
ifUst-particles earrietl over from the volatilizer).' The undecjize 
particles are reintrcalueed into the towi'r, and serve as nuclei fsr 
the depo.sitiop of nickel during the next, run.^ 

^ W. C. Roberts-Auslon, Proc. f’*'*- A’ufy. 135 (1898), 38, describes an 
early pattern of decomposer wliiclv is not unlike th^t now in use. 



NICKEL 


185 


'.The whole of the iiiekel ititnxiiieed into t.h(''vohitilizinp tower 
• is not eonverted t(j carhonvl . imieh remain.s with tlie copper drawn • 
oft at .the iKittom. Therefore the pnxfuct obtained from the 
volatilizing "tower is always returned to the roaster, then extracted 
with sulphuric lu id as before, and the insoluble residue again sent, 
to the re<lucing tower; after this it is passed into tin' volatilizcr 
for the Second time. The material in practi-c may travel through 
the roaster, reducer, and volatili'/.cr s!X or seven limcs before the 
wlmle of the nickel is obtained from it. 

The carbon monoxide recovered by the (leeoinpc.sition of the 
earlamyl pn the decomposer e.in be used b> volatilize a f\irther 
quantity of nickel, and passes ba* k intt> the vola'ilizing lower. Of 
course, in practice, it is always neee.ss,ary to add a lilth' fresh 
carbon moimxide, and a re.serve supply is kept in a small gas¬ 
holder. 

Great care is exereise<l, in conducting the process, to prevami the 
escape of nick^'l carbonyl, whieb is a deadly poison ; so successful 
are the jirecautions ailoi'ted at ('lyd.uh that casi's of poisoning 
arc prjudically unknown 

The nickel produced b\ the Mond )U'occss is of high purity 
(about !t!i K per cent, nicki'l) , it aluuys contains far less iron than 
the matte from which it is made It is probalile Ibal the iron is 
not to any consideralile extent reduceil to the metallic state in 
the redueimr to>\, r If, however, the temperature in the reducing 
tower rises too high, reduction of iron may occur and, since iron 
also has a volatile carbonyl, it may distil over along with the 
nu kel.t 

Jksides nielallie iiiekel, the proce,s,s furni.sbes several other 
valuable products, such as eop))Or suljihate, nickel sulphate, and 
small ainoiints <»f silver, gold, jilatimim and |>alladiuiii The 

,«)lution obtained by b lehiiig the roasted inatle with sulphiirie, 
acid contains much eoiqiir sul|ihate, and only a little nickel sul¬ 
phate. Most of the eoppe r sulphate is recovered by crystallization, 
and sulphuric acid is added to the motbei liipior which is used 
to leach fresh roasted matte. After the same solution has been 
used several’times to leach riasted matter, it comes to contain 
an impo’tant quantity of nickel sulphate , it is therefore allowed . 
to deposit .IS much ciqiper sulphate as jiossilile, and 's then freeil 
from copper by treatment with a mixture of motalUe nickel and 
copBcr obtairea from the reducing tower, nds gives a s( lution 
Ci/titaining a large amount of nickel sulphate, and the salt may Jio 
recovered by e-ystallizati in, and sold' tsi the nickel-platers . 

‘According to K. H. Thorp. “()u<hin^ of Inffustnal (‘luTiiwlr^ ' (ly RC- 
millan). • 
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Tho material which has travelled through the leaching tanks, 
volatilizer, and reducing tower six or seven timss, and which has , 
givcai up nearly all its copper and nickel, contains valuable ajpounte 
of the precious metals. Silver is extracted with nitric acid and 
priaipitated as chloride. Gold, platinum, and jialladium are 
then extaaihcd with aqua regia , of these, gold is precipitated in 
metallic form with fsrrous sulphate. The acid filtrate tS next 
treated with aftiraoniuni chloride, which precipitates jJatinum 
as ammonium platinichloride (NHilil’tW,, wlulst, on adding am¬ 
monia to the liqAid, pallailium also comes down as the ammine 
iMCI,,2NH,,. * r , 

{)>) The Orforik Process,' used in New .Icrscy, depends on the 
find that cop|icr sulphide is stiluhle in fused .siHliiim sulphide. If the 
malic is fused with sodium sulphide, and allowed to separate, two 
layers will he formed. The top layer will contain the sodium 
sulphide, most of the copper sulphide, and any iron sulphide which 
may have survived the previous operations; the lower layer 
will consist of nickel siilphiile, \\ilh only a little eo|iper sulphide 
in it. 

The process is condueted m (he following way The matte is 
melted with crude sodium sulphate and coal (or coke) in a rever- 
heratory furnace lined with magnesite The sul|ihate is reduced 
hy the fuel to sulphide. After five hours, the charge is stirred 
with poles of green wood and allowed to separate, in the furnace, 
into tiVvo layers which are tapped separatidy ' The top layer is a 
valuable source of eopjior, whilst the boltom layer coiRTsts of 
nickel sulphide still containing a little copper and iron. It is some-, 
times again treated with sodium sulphale and coal to remove a 
further portion of coiiper. 

Having producisl suliiciently rich nickel 1*14)1*10, the rtshictioii 
,tn the metallic state pre.sents no special dilliciilty. The sulphide 
is roasted to oxide on the hearth of an ordinary reverberatory 
furnace. At this stage it is usually leached with sulphuric acid 
to remove (be last traces of copper Sometimes common salt is 
added to the \'harge before roasting; t|us eonverts any copper 
still present into the'soliible ehlorMc, which eai! sultse(|uently be 
wqshed out by water alone. The purified nickel oxide is then 
mixed with fuel, and reduced to the met»llic eofiditmnT usually 
in an oiblvrad furnace. The nickel produced is often cast into 
anodes, and subjected to a final electrolytic refilling^ wthich probably 
serves to eliminate the non-metallie, rather tljan the metalik!, 
impurities ^ ‘ . ^ . • 

I Sw W. Borchors, “ MetalUnitt^u-betnebo " (ICiiapp, 1917), V’ol. II. 

•^»g. M-’i. J. 80 (1905), U0^ . 
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(f) The Hybinette Electrolytic Process.' This process wivs 
developed in Niw«»y, and is now iK'ing used in Canada. Thtt 
nickel«eopj)ei matte is first roasted usually in a multiplediejirth 
roaster—to exjrel ni<).st of the sidphur, and is then extracted with 
10 per cent, sulphuric acid. This acid extnwts most of the copper, 
as in the case of the Mond process ; but in the HybineUo jffocess 
the eoPja-r is recovered in metallic form bya'leetrolysis of the sohi- 
tion between cathodes of sheet co])per and iniSihdile aiuKles of 


lead. The sulphuric acid regenerated can be used to letu'h a further 
supply of roasted matte. ^ , * 

The r^sidiw left undissolved by the sulphuric juid contains 
(to iM'r cent, of nickel, about 27-112 i«'r cent, ed copja'r, .‘1-8 per 
cent, of sulphur, and a tra.ee of iron. It is cast into anodes-which 
are phu'ed in bags of s|«'eial canvas and lixed in position in the 
nickel-depositing cells. The cells are thus dnided into cathodic 
and anodic compartinents, and the solution is run constantly into 


the cell over the' cathode, and is allowed to flow out ati (lie same 


rate from the anode coiiipartmi lit. The cathodes consist of iron 
plates, previously rnlilied over with a, thin wasli of water and 
graphite, the latter serving to picvcni. the unduly linn adhesion 
of the nickel deposit to the iron. The liquid as it enters the cell 
near the cathode consists of a pure nickel sulphate solution nearly 
free from cop])er and consequently fairly pure, nickel is deposited 
on the eathod A corresponding amount of metal is di.ssolved at 
the amides, but, as thc.se contain ciqiper as well as nickel, tin' liquid 
le.iv?9'th*ccll containing iniich i-oppcr. It is then run info vessels 
« III which it IS treated with )iiecc.s of waste anode-material; inter- 
ch.inge of the two metals occurs, copper being prcei]iitated in a 
brown, spongy, metallic form (“I'cnient copper'’), whilst nickel 
takci^its place 8i tlt^ solution , the reaction can bi' written 


•Ni t C'u “ I'll t Ni ' • 

• 

'I'hi' solution freed from eopper, and enn In- retiirnevl to 

the eatiiodie eoinpurtment of the e- U for dej»ositioii (»f nickel. 

Whim the auodi's br^>»ne too much eaten away, t^iey arc replaeiwi, 
the remainftip portions in the. phrifying vessels for the 

precipitation of eoinent-eojiyier. I’he [ireeious metals (silvei^ 
plirtinuinf palJadiiinif gold), which are usually jiresent ni nickel 
orefj^ ar<‘ not disholved by the anodic reaetion, and Jiimain behind 
ii^he ‘ amwle slime.” which is earefully preserved and treat'd 
fl(^parat4‘ly for tj^e^recovery of those nadals. Oni' of thead^anUiges 

^ See heport of t/^e Royai OrUarto N-t^kel Cutnmtfiaion 475-480; 

J. B. Kershaw, Electrometallurgy ” (O^jiwtable), gives some'detaila regarding 
the process in its^eaflier form. V 
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of the eleetrolytie proecsH over the Orford process is that it allows 
h. more complete recovery of the precious metals. 

As already iiK'iitioned, the Hybinette jjrocess has for juany 
years Is'en used in Norway.' It is stated, however, that Nor- 
wegiati iuekel-])roduetion is at present at a standstill.* 

The Sfhclting of the Silicate Ores of New Caledonia.* The 
treatment of ganyerite t)res is more simple thati that of the sulphide 
ores, since there is little or no eo[)j)er in the former, (iafoierite 
eontains iron as wejl as nickel, however, and the separation of the 
two metals depends on a p-inciplc which is, in soimt respects, the 
converse of that used in the treatment of sulphide 'ores# In sid- 
phide ores, the iron is eojiverted to silicate by roasting and fu.sing 
with a siliceous slag, while the nickel remains as sidphide ; in ores 
like garnierito, in which the metals are |ir('sent as silicates at the 
eomineneeinent of the proee.ss, the nickel is converted to sulphide 
by treatment with ealeinm sulphide, whilst tln^ iron remains as 
silicate 

The smelting is eondueted in a. small water jaeketed blast¬ 
furnace. The charge eonsisf,s of ore, limestone, gypsum, and coal 
or coke ; the gypsum is (piickly reduced to ealeinm sulphide, which 
reacts with nickel silicate to produce nickel sulphide and ealeiiwn 
silicate; the latter mixi'S with the iron and magnesium silicates 
of the garnierite to form a slag. Conseipiently the, liipiid flowing 
out of the furnace se|iarat('s into two layers, the lower one consisting 
of a nickel sulphide matte, and the iijiper one a silicate tijag^ The 
matte is roasted to yield nickel oxide, which is then reduced by 
heating with ehareoal or coke in a retort or crucible furnace, ' 
Nome of the New Caledonia ore is shi|)ped as such to Kranee, 
where it is smelted and refined. Hut now a large amount of matte 
is lU'oduced ill .New Caledonia, and sent to France, or some«,ither 
kulustrial country, for “ refining " that is, for reduction to the 
metallic stab', . 

Uses of Nickel. Since nickel withstands corrosion and keeps 
bright better ttyiu most comition metals, it finds extensive appli¬ 
cation, espi'cially as it combines desirabh^ mechanieik! projicrties 
with ehemieal stability. Pure nickel is used in tbe production fif 
vooKing utensils, whilst in the laboratory- and even ^it tin; oliemieal 
works nickel crucibles are largi-ly employed lor processes involving 
fusion with caustic swla. v ^ 

for many purposes it is possible to obtain satisfactory resistfcit 
|)ropertie.s by plating with niiiliel articles made iif‘other iiiaterials., 

1,1. W. Itn-lmnb. Anur. Klfcimrhem. Sor 5o (IStll), 411. 

“ Soc. Chrm hid. 39 (11I2(H 43«R, 

Ontario A’lrAW Comrmsoion Huport (1917), ^pp. 45^-455. 
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It should be noted, however, that iih'kel is seriously aftiu'ke<l by 
ilamj) air eontaiijing sulpliui dio\ide a gas eoiimioiily present in 
the ajmoaphere of large towns,' , 

Nickel-platinii 

# 

Tlie*|)rincij)lo nukcl-plutiii^ i.s (‘xtri tnrly siinpli* The artiolo 
to be ^ilated is scrujmlouHly (‘loaiiseii ami tiu’n .iiade tlir catluMle 
of U!i roly tic cell, being ininitTsed in a solution of a nicked 
salt ; the anode ( (insists of a jilatc of nickel c Wlu n a current is 
passed throit^h the solution, nickel -fliould be d(‘posi(t«d at tlie 
eath(xle,\hilHt an equal anuMint (under ideal eogditions of working) 
is dissolv(‘d at the anoib Hut \arious troubles may (H'fur at 
each (*I(‘ctrodc. and these will be eoiiNidered in turn. 

(i) .-1/ Me Amxh. If the current den''it y IxM-iunes too liigh. the 
nickel may liecome passive, and the eurr(‘Mt (wbieb ought to be 
devoted to the dissolution of iiiekel) may adually be e\p(*nded 
n|)on the (‘volution of oxygen 'Ibis will render tlie bath aoid, 
and at the same time tlu' eoiueiitration of th(‘ niek(‘l in the batli 
will fall. When once the aiiod'* has actually beeume passive, 
quantitative redissolution will not recommence even when the 
current density i^ rcdiice(l It is noteworthy that commercial 
cast anodes, which arc usually impure and contain botli iron and 
carbon, beco:.'■ passive much less rcaddy than anodes of pun' 
ndlt*(fni(‘kel. Tlu' ditferenee may b(^ dee not only to the presence 
of thri.iTimrities. Imt also to the fact that the east anodes corrode 
, :n sueh a manner as to ki'ep the surface rough “ 'I h(‘ anodic cur- 
!■ lit eibcicncv can be improved by tlu' addition ()f chlorides to 
the solution. 

(ii^ vli the (iithodf . If the current d(‘nsity i.s (‘xeessive, the 
[xjtential may bec-mv suflicicutly negative for the evolution of 
hydrogen; in such a c;uS(*, th(‘ whole of the current will not iTe 
devoted to thtf deposition of nickel dins is ail the mon* likely 
to occur if the h^^drion conccntiaf n»n is high, i <*. if the solution 
Ls strongly acid d’h^(*Torc. an uiTdue aeidity as in th<‘ cas<' 
of iron-d(‘]t(Jsitff)n, to bi' avtwded. As little as t)07 ]ht cent of 
hydrochloric acid kawera the current ellieieiu'y of nicktd-deposition 
to. ab'fliUSO pt'r ccr^t., whikst 0 J4 p(*r eeift. of hydnK-hloric'acln 
re<luocs the current (‘fticumey to 40 ]M‘r cent.' 

iJn the o^ht^* hand, if we .start with a m utral bath, and bvdrogen- 
^^^lution does (K‘cur, the bath will be reiideri'd alkalin<‘ aion^ the 
• • • 

•IT. K. Kvuiw. J^ratloy Society (19211). * 

* C’orn|mro S. Tucker and H. <5. l>oe»ch. J tod I’duj. Cfmrn. 9 (11H7), H41. 

* R. Reidel. Zeitsfh. Elekirochrm. 21’’(191 r»), o. ^ ’• 
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surface of the electrode, and a basic salt or hydroxide may be 
• momentarily deposited. This will cause the niejeel deposit to he , 
incoherent. Thys, hydrogen evolution may be the preem^or of 
a incoherent deposit, if a certain slight acidity is not Maintained 
in the body of the solution. In any case the adherence of hydrogen 
bubbles to tbe cathode may prevent deposition at certain points, 
and thus give rise to .pitting. • 

As in the casif of iron-deposition, an increase in the bath tem¬ 
perature is favourable to the deposition of nickel—as opposed to 
the (!volution of hydrogen -since, the normal electrode potential of 
nickel becomes less negatu'C as the temperature ryjes. Another 
factor which favours the deposition of nickel, and so raises the 
current ellieiency, is the concentmtion of nickel in the solution; 
it is advisable to work with as strong a bath a.s po.ssible. The 
higher the nickel concentration of the .solution, the high(>r the 
permissible current demsity, and the more rapid the plating-process 
becomes. 'I'his is a most important point, which will bo returned 
to later. 

So far as [)ossible, the i)lat<ir must try to make the amount of 
current lost in the (n'olution of oxygen at the anode balance that 
wasted in the production of hydrogen at the cathode. When this 
condition ks fulfilled, the b.ath—as a whole—will grow neither more 
acid nor more alkaline, and the nickel concentration will remaui 
eon.stnnt. If the balance cannot be maintained it may be ncces.sary 
to keep adding nickel salts to the bath. “ . 

Another trouble eomieeted with the deposition of nk’kcM.-, the 
jXH)ling of the deposit. ISometimes a perfectly smooth, eompaet, 
deposit may formed, but when this becomes thick it may eom- 
menee to jH'el ott from the basis metal in flakes or light rolls The 
]ieeling is less likely to (K'eur if the dejK)sitUn isi eondueted from 
a hot bath. The tendency to peel seems to l)e eoimeete<l with the 
presence of hydrogen in the deposit, the e.scape of which gives rise 
to volume-changes which create a state of tension in the film. 
The use of a warm bath may prevent the film from taking uj) so 
much hydrogen* It is notewbrthy that if Jthe deposition is begun 
from a hot solution so that the Srst-deposited “portions of the 
nickel layer adliere strongly to the basis metal, it can !«■ continued 
'troth a cold bath without tear of peeling.* , . . " 

It seems that the peeling is comparatively rarely met with where 
IHifectly pure nickel free from iron is being dcjiosited on ^he 
eaHi(ale.- In any ease, the presence of much iron in the deposte 

* It. Uicdel, KUktnchein. 22 (IDlti), 2S1. Canipnre \. Kehlsehut- 

ler aad H. Selifidl, /Jelv. Ohtm. .-tc/a. 5 (1022), 490. 

* Ht Kagemanii, Zeitacli. Kkktrochem. 17 (1911), 910. 



NICKEL 


1»1 


is undesirable, since it renders the plating more liable to corrode. 

^ But since commercial cast nickel anodes generally contain a quantity . 
of iroiij it is difficult to avoid altogetlier the co-d^iwsition of iron 
along with nickel.* The use of pure nickel anodes may introduce 
fresh difficulties, because they dissolve le.ss easily, ns already men¬ 
tioned ; it is therefore a common practice to em|)lov aj least a 
certain •proportion of en.sily soluble, impure cast anodi's. But if 
the batl) contain.s ehlorides, pure anodes can be um^I without serious 
risk of ])as.sivity, and thus the presence of any serious (juantity 
of iron in the solution can be avoided.- • 

For a hjngj time the standard nieRel-jila*ting bath (aaisisted 
essentiallyof a .saturated solution of nickel anynonium suljihate. 
'Phis salt has given c.xcelleut results, but it is not parficukirly 
.soluble, and, for the reasons c.\|ilaini'd above, it is only possible 
to obtain good plating at a high current vlcnsitv by maintaining 
a high concentration of nickel in solution. Now the cost of nickel 
plating can bv! greatly reduced if the plating is conducted rapidly 
becau.se, for the .same capital cost, a given plating-plant will have 
a much larger outjnit of work. For this reason, nickel-platers 
although they have shown <hem.selves loth to abandon the ilouble 
sulphate—have tended to turn to solutions containing more 
soluble salts. I'ndoubtedly, the very rapid i>lating which has 
been proved to be jiossibk' in the case of cobalt has stimulated 
interest in the oossiliilily of obtaining similar rapid results with 
nickij • 

.Nisufcsth^ simple sulphate, ,\iS(), 7HF), is an e.xtrciiiel\ soluble 
sab, and its saturated .solution is eminentlv suited for rapid plating. 
•Jfii. for satisfactory anodic di.s.solution. chlorides niiist be present, 
it is advisable to adil .some nickel ehloriile also. F’lirther, the 
hydrion eoncent$itio^ must be adju.sted within n.irrow limits. 
This (Tiuld be done by adding a very small, carefully eahailated 
qiiantity of a strong acid (e g. hydnx’hloric acid) ; but it is far* 
preferable to adit a fairly large quantitv of a weakly-ionized acid 
(such as boric acid) which—even if added in e.via'ss -can never 
prcxluce an undue com i ntration of liydrioii, but fcvhich will act 
as a " reservoir ’^for hj^drioii, snid maintaiin the slight aeidity for 
an indefinite jK riist.^ Boric acid is indeed wonderfully effective 
for avoiriiqg “ (^urnt (J(i|)o.sits ’ on the fine Ifhnd, and low currUnt* 
efficiency on the other. 

^^•thi.s vva^’,»it Ls possible to arrive at the composition of 

^ ^ O. F. Callirtiic aTul*A. b. Oaiarnage, J. Mmsr. ('hr.m, .Vac. 29 (1907), 120^. 

* F. C. Matlh rn, K. 14. Stuart, atnl K. (}, Sfiirilovanfc, Tranti! Amer. Klrrtm- 
chem .Soc. 29 (MHO). ‘^^3. 

* L. H. Iluininunil. Traun. Atner. Elai/vi'fitm. A’or. 30 (IJiHi), 12K. 
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“rapid plating bath” on scientific principles.! Concentrated 
solutions containing nickel siilphatfs with some nickel chloride and 
boric acid, giv;' goml dcjjosits at much higher current densities 
than is possible with the older baths. As a rule they work best 
when warm. Many niokelling baths contain ammotiium citrate, 
which ig’cvents tin; formation of the sludge of ferric hydroxide 
that is otherwise likely to appear; on the other hand, by«keeping 
the iron in .solution and allowing it to be deposited with tjje nickel, 
they render the deposit darker. In some cases, raagnesiuln salts 
arc also added ; «they increase the conductivity, and arc said to 
render the deposit whitei*. ^ 

It is fair to a(4J that the use of rapid baths has beefi subjected 
to much criticism. 'J’hc critir s state that some of the baths advo¬ 
cated do not give a satisfactory and adherent deposit. 

The typ(M of articles which come up for nickel-plating are very 
varied, ami the details of the process vary accordingly. Large 
articles are sns])cnded separately in the bath, whilst small articles 
such as safcty-pii\s, pencil-cases, rivets, etc., are placed in quanti¬ 
ties in wire baskets or trays, which are connected with the negative 
pole of the dynamo, the articles being lonstantly stirred or shaken 
aliout, so that all parts becoim^ nickelled.^ 

In the nickelling of cycle-parts to protect them from rustling 
it is sometimes the jsractice to apisly a coat of nickel, then a coat 
of copis-*r, and then a thinner surface covering of nickel. 

Nickel-plating, like iron-plating, has been used for the rcs'^oration 
of the worn parts of machinery to their original dimtiisiwt .' 

The so-called '' black nickelling ” —u.sed to give* an “ oxidized ” 
or "bronze” (inish to bra.ss articles—can be conductwl from a 
bath containing nickel sul|)hute, zinc sulphate, and sodium thio¬ 
cyanate ; the black colour appears to be (Jjue t,v niekel suiphide.! 


Nickel Alloys 

It is eonvenient to refer first to Monel metal,'’ an alloy consisting 
of nickel and, copper, roug/ily in the proportions in which they 
occur naturally in nqj.ny samples o| Sudbt.ry ore,, it,can bo manu¬ 
factured directly from the copper-nickel matte produced in that 
district, the work of icipariition of the two metals being thup avoided. 

*0. P. Watts, Tmnn. Amer. fJl^xtrnchcm. Soc. 29 (1916), 995. Compare 
f’. I*. MHddt'H, Tninif. Apner. Klertrochctn. tSoc. 39 (I92(j, 483. ' 

•Sou (1. Tjangbi'ui. “ Kloctrodeposition of Metals ” : traifdlation T. 

Hand.*. 1920 (Hoddor A; Stoughton). ^ 

^ Kipginffun^, 111 (1921), t)5.S. * 

Ind.' 21 (1922), 457. ^ 

•J. Amott,*./. hist. Met. 23 (’920), 545; P. D. Menra, M^t. Chetn. Eng. 
24'0tt2l). ^91. 
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It is only iiei'cssiiry to roast the matte and thi'ii to rwiuco the inixtHl 
^oxides with chaicoal. 

Monel metal usually eontaiiis aiHuit (>7 (ler eentj niekel, 2!t jht 
cent. copjK'f, and 2- 4 i)er ei'iit. of iron and manganese Metallo- 
graphically, it eonsists of a single solid solution of niekel and 
copjxjr. Its use depemls not only uiion the valuahle niijchanieal 
properties, hut also on the resistaiiee to oxult),tion and to ehemieal 
corrosion. It has the teiisde strength of a stei h with 0115 iku' 
cent, ottrhon, and unlike many copper alloys it retains its strength 
at high temperatures .Monel metal aithstands ehoeks e.vtrimiely 
well, and the yrop<Tties appear ti.i he ifimost iiealleeled hy cold 
deformstiolI. It is largely used for lurhine hlg.des, valves, and 
valvi' seats, and is es[)eeiall;. useful where superheated steam is 
(•mployed ,\s legards the ehemieal properties,' .Monel metal is 
extremely resistant to eorrosion at high temperatures It is par¬ 
ticularly siiitahle for Use in strong alkaline solutions, and is used 
in the meelianieal filters designed for tilteimg eaiislie soda from 
ealeiiim earhonate in the manufaetiire of the lormer suhstanee. 
Towards acid solutions it is rather less stahle, hut is used for the 
acid pickling t.iiiks at one very huge .Ameriean tinplate works. 
It has also proved u.seful foi various |iiirposes in places like L’anama. 
wliiTe most ordinary metals ipiieklv heeome eorroded owing to 
the peculiar atmosjiheiie eonditions. 

Xatiirallv, the ^'Voiirahle eliaraeter of the nieehanieat properties 
involy« 'he di.sadvantage that the niaiiiifartiire of Monel metal 
article U (dlheiilt , hoth the forging and the machining of .Monel 
iia'al have presented various prohlems which, however, have 
larg. 'v heeii solved Spceiallv shaped tools must generally he 
used iljioii Monel metal The easting ot .Monel metal is also dilii- 
eult, owing to tliikconsidcrahle siirinkage of the alloy, (.'are must, 
he taken, furthermore, thd the lupiid alloy docs not. ahsorh earhoii 
orgiilicon, as these elements may render it hrittle. 

In many eo'iiniies. niekel-coppei alloys are used for coinage 
purposes. 'I'liese coinage alloys are .dmost white, even where the 
percentage of copper is high , they %re liaid aniUvery durahle. 
The coins .strKck iti France in l!12l) contained t*5 per cent, of nickel. 
71) per cent, of copjier.- 

Anotl'ci jntercstiiig j^lloy of nickel is’niclltomc, all iillov eifti- 
taining II 'id per cent of chromium, anil usually ^ipui (up to 
25 piiir cent ) Aluminium, niolyhdenum. copjwr, and manginese 
have been used in special varieties Nichrome is remarkahjy 

" ' • 

■’> W. K. Oakley; Milfiml. 6 (11)14), 112 ; ,V.(. (%m. Km;. 12 (11)14), (18 t 
Met. Chem. Bug. 14 (191(1), 110. 

*J. Soc. Chem. Jml. 39 (1920), 167b.* 
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resistant to atmospheric oxidation even when exposed to the aii 
at very high temperatures. The thin oxide-film formed upon the 
surface must lyivo very remarkable protective properties. In the 
form of wire or ribbon nichrome has proved useful in*the winding 
of small electric resistance furnaces, Nichrome crucibles have been 
u,sed fof brass-melting. The boxes used to contain steel articles 
which are to undergo teat-treatment may be made of cast niehrome.* 

Cierman silver (or nickel silver) is a whitish alloy ijf niclcel, 
copper, and zinc, much used in the arts ; it may contain 48-67 per 
cent, of copper, 7-30 per cent, of nickel, 18 -36 per cent, of zine, 
but the composition varies considerably according to the purpose 
for which the. alloy is intended. Alloys with coinparallvely small 
amounts of nickel have a very distinct yellowish tinge, but are 
often used for articles which are intended for electro-plating. 
German silver consists of a single solitl solution, and can be regarded 
as an a-brass containing nickel.^ 

A sinular alloy, which often contains tungsten in addition to 
the other three metals, is known as platinoid on account of a 
(.'(U'tain resenddance to platinum. It may consist of 60 per cent, 
copper, 14 piT e<'nt. ruckel, 24 i)er cent, zinc, and 1 2 per cent, 
tungsten. Platinoid wire is employed in various kinds of electrical 
apparatus, for instance, in rheostats, Wheatstone bridges 'and 
potentiometers, where a wire having a rathiT high resistance is 
needed. 

Nickel is also ad<led to steel to a considerable e.vicnt. "dt may 
he added as the metal, or as a rich nickel-iron alltty.* Nickel 
steel utdike special steels containing more valuable metals-- can 
b(' maili' economically in tht: open-hearth fuintu'c, the charge of 
nickel being added to the molten steel shortly befor(! the fvu'iuvje 
is tapped. It is the, most important of the .sjwcial steels, and is 
largely used for engineering work as well as for motor-car building, 
armour plato and other ases. Many nickel steels also contain 
chromium and vanadium. They are more resi.stant to corrosion 

than ordinary steels, and ari^ sperually suitable for case-hardening. 

>! 

Nickel as a Catalyst^ 

Although nickel '^oiui^ounds are comparatively inefTs'ctive os 
oxygen-cacriers (‘‘driers”), metallic nickel is largely iisixl as a 

^ Mvt. Chem, ICng. 15 (1910), ITtO. Also R. M. Mttjt.i-, ,<mfr. 

KUctrf\fhem. iS’oc. 37 (1920), 401; J. F. Kayser, 2’mn^. Fanuiny Soc. (lVi^3). 

“ For rt dwciLssioii of tho equihKriuin diagram of tho vonmry uUoy.s of eo|>|X‘r, 
zinc, mid niokvl, see K. Tafel, Metallnrffie, 5 (1908). Tio, 4i:i. 

*E. K. Kirtoal and H. S. Taylor, “Cutnljsw in llioory and Practice” 
(Mucmillan) ; C. Ellis, "Hydrogenation of Oils” (Constable). 
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hydrogen-carrier in the hardening of oils and fats Most of the 
«ninial fats which an* suited for human fot>d eons^t of tho glycerine 
salU of sertain ' satiiraUHl " fatty juids. t)n th^ o4her hand, the 
cheai)er vegetable oils- linsocii. < otton se('d, palin UerncI, olive and 
«oya-bean oils- as well ns lish and whale-oils, consist largely 
of the glycerine salts of ** uusutur.ited'* acids, contaiuii^ rela¬ 
tively less hj’drogeii ; these are. in most cases, not suitable for 
th(‘ direct pn'paration of edible materials, sueli as margarine and 
lard. « 

f’iearly if h\dr >gen can he made to conihiiu- wih tJic unsatuiated 
eomjHiunds, so to f(»rm saturated eom]»ou!uls. a great cconomie 
problem is tliereby solved A rt*aetion, originally introduceil by 
Sabatier and S<*ndcn‘ns for (he hydrogeni/.atam of organa* ioin- 
]K>unds of a ditl'en‘nt kind, has been adafited this <*nd. It con- 
sists in hi'ating the substance in a stream of hyd?'og(‘iv usually 
under pr(‘ssure in the juescnce of a suitable catal \ si. As a catalyst, 
some metal ca}»ablc of ads<»rbing liylrogcn is rcijuircd In the 
laboratory, rare nietaK hkc palladium nr [ilatiimin an* oflm used, 
hut in techmdogy a cheaper matcual is natuially to be ])rcferrc<l, 
and lim“Iy-<!ividcd nick(‘I a catalyst whicli has also proved v(*ry 
usefujin tlic laboralnrv is generally employed, alllionch palla¬ 
dium and alsn to .sniiu' extent platinum has been iisi'd in (h'rmany. 
Tile pns-e.ss ha.> Im'cii usi'd for the liydrogcnizati‘iii both of tlie fats 
(glyeeridt's) .mmI <-i the free fatty acids. 

'I’lie^Tiely di\ided nu kel is prepan'd in \aiious ways. Hy tlie 
precipitation <*1 a nu-kel salt solution with alkali, tlie hydroxide 
is ootained 'riii- i.> (aan il to yield tin; anliulrons oxhh*, and the 
lattei IK tlieii redue<‘d m a stream of li\diog<‘n gas, so as to give 
spongy metal fn giateial. the lowca- tin* lemperatun* tlu* more* 
active wdl the nie1t»-l lie as a eat.ilyst ^ 'J'fie best t(“mp(*ratui ‘0 
for reduction varies witli ihe natuie of tiie siibstaiiia* to lie hydro- 
gcnitaal, but often seems t<» Im* jd)(»ul ItdO *150' (' It is convenient 
to precipitate the uiekel within a ])ori 'is .siilistmet*, and thus obtain 
a large active surface For instance- juimiee 2 M»akwl in nickel 
nitrate solution and tlicn d-ied and rediiei'd in hydrog<*n at3(X)^C. is 
quite cflicient, a very active catalyst < an he prcjiared by precijii- 
tatiiig nickel earbimate witliin a ])orouH hotly hke infusonal earth 
or charco.ii and thni n'dfjcing in hydrogi n llowcvt r produced, 
the fiiK'ly divided mekel is ea.sily oxidized, and must Kejit out 
ofeont'ict with 'he air. A very convenient catalyst for tho hydro- 

• 

^ P. Sabatier, J Sjc. Ii.d. 33 (1914), See ul^io .7. *i. SencJ«‘reriM 

and J. AbouloiH’, Bidl .SVk. C/t/M. 11 (1912), U41. 

*T. W. A. Sliaw, J. Sor. C'Atm. fnd. 33 fl9l4), 771. 

Kelber, ,^cf. 49/1910), 55. 
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g«iiization of cotton seed oil is obtained by heating nickel formate 
in the oil itself.* i 

The hydrogf-n required for the process can be made by passing 
steam over iron ; the iron oxide i)rodneed can afterwards 1 k> reduced 
with “ water-gas ” (hydrogen and earbon monoxide) and used 
again. ' Another method which has the advantage of giving a very 
])nre hydrogiin is thb eksdrolysis of water ; it is used considerably 
in districts where (siwer is cheap “ To some extent the hydro- 
g(niization of fats is eon<lneteil in connection with the electrolytic 
alkali industry, in which hydrogen is produced .is a by-product. 
Atti'ni|)ts have been made to use the hydrogen of water-gas, ]ire- 
pared by pa.ssin'g steam over incandescent coal, directly for the 
hydrogenization of oils , but it is didicult to free it from earbon 
monoxide.^ 

It is possible to carry out hydrogenization in a very .simple 
manner, namely l)y bubbling hydrogen through the oil, the catalyst 
la'ing immersed or sus|K'ndedin thelattiu-.'* But commercial plants 
are often mueh more complicated. In some proces.ses the oil 
eaiTying tlu^ linely divided nickel in sns|Mm.sinn is injected as a 
fine spray into a vessel Idled with hydrogen, usually at considerable 
])ressure, anil kept at a temperaturi’ of about ISO' (’. Sometimes 
a foamy mixt\ire of oil. catalyst, and hydrogen is injected into the 
ve.sscl in which the hardeming occurs. In other cases, a stix'am 
of hydrogen carries a " mist ” of the nnsaturated fat in line d’-o])s 
over niekelized pumice If the substance to be treated isXohuile, 
it can be |ia.s.se<l ovi-r the niekelized pumiei' in the gaseous state 
mixed with hydrogen ; but this is not possibh' in the eiusc of the 
glycerides, which would decompose if gasdied. It has been shown 
po,ssil)le also to obtain rajiid hydrogeinzation by allowing the 
ordinary licpiid oil to fall down a tube'containing layers of the 
catalyst, hydrogen being forced upwards through the tube, at the 
same time. 

The oil passing out from the hydrogeiuzer is freed from the 
niekd catalyst by Idler-prersing whilst still hot. Since the saturated 
bodies are mostly sidid at the ordinary tem|ieraturc—in contrast 
with the unsaturated oils the product usually solidifie.s on cooling. 

. Fresh nickel - if ^nrepared under projaw conditions- is very active 
as a catalyst. It seems likely that thd hydrogen 'attaches itself 

‘A. Brodiet, Hull A’ec. Chim. 27 (1920), S97. SOOi , 

,, “.). H. t’, Keralittw, Kngtnrer,lZ4 (1922), 314; K. K. .truLstrong) ..e Soc. 
('hnn. hill. 41 (1922), .392k; r 

“ For thcM-omincn-ial mc-tljods of obtaufing anjt punfying liydrogen) aeo 
K. K. Uideal. Soc. Clicm. [ml. 40 (1921), 10; also E. B. Maxted, J. Soc. 
It-ltcm. hid. 40 (1921), 109T. x 

E. R.' B. Bolton, J. Soc. Chem. hid. 41 (1922), 38tiR, 
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to tho nickel surfiue. (lossihly ns sinjilc atoms, and is then passed 
•on to the orjianie suhstanee, whi<'h possihly may also have aItJU'hed 
itself U\ the mekel.' If, howevtT, anotluT Kulirttnnee is 

pn^sent, which is capable' (»f being adsorbed by nic'kcl, it may aet 
U8 a *■ jioisini. Sulphur and .•'ulphur coinjuMinds Mich as hydrogen 
sulphide, arc particularly potent in rt'ducing the catalytic activity 
of iiiekeK becoming adsorbed upcui the nickel surface, whic'h (‘on- 
seqvM’ntly hiscs its p^ncer of adsorbing hydrogen - Naturallv, the 
very forms <»f nickel whicdi an* most aeti\’e as cataUsts are most 
susceptible to ' poisoning " It is necessary, tlierefoic. to frc'c the 
hydrogen gas tlitit is to lie- ust'd from the impuritie.s winch exercise 
this unfa\ourable action on the nickel. All \olat !e eompounds of 
sulphur, and, in a lesser degree*, those of arsenic and phosphorus, 
act as pfusoiis Another impurity whieli must, lx* carefully <‘x- 
eluded is carbon monoxide, a matter of somt* little iinportanei* in 
view of the desne to emphty cheap u.iter-gas as a source of hv'flro- 
gen ^ -Vitrogen, on the other hand, has but little pfiisfining action, 
altbougli its presence in hydrogen s»T\es to dilute the latter, and 
in juldition it does appear slightly to diminish the adsor]itive 
power of tfie ealiilvst ‘ 

Hvdrogrni/ation of uiis.il mated fats is Used to .1 huge I'xteid 
in tile preparation fd foodstnITs. botli margarine and lard-.snhslKute 
1 he process often re:il!\ .serves a sei ond purpose As well as con¬ 
verting ln|Uiil . 1 ) 1 : into solid fats, it remoses certain objectionahhi 
impmij^ft's jueseiit in I he 1 ;iw miilerials w liiefi a-ie dillieult to removii 
otherwise'* Small tiaei's of nickel can often be dcteet(*f| (bv the 
g^yosiiiK* roaclnm) in nsiny sanijiles of fatty lofxis (bus prepared. 
Ther- is no s(‘noiis ground f(»r jilarm b\ reason of the possibility 
of niekel-pt*isoning, since ])b\siologieal tests liaxf* sliown that the 
small (piantity of tnekaactually found is (piite harmless.® It is 
inevitable that '•nial! paT..eles of niek<*l may sometimes penetrate 
the*fabne of the tilter-]»e.ss, and es(‘a]>i' with the fat. but, so long 
lis the nickel i kejtt in the im'tallie eondition. the (|uanlitv will 
be small, ihe only real danger is that tie niikt*! may lK*eome 
oxidized. and that a fatty salt of ni<‘kel (nickel .so,i pj m.Ly lx* forincfl, 

* (’ompuie tho VI. . (it K. K Arm«ln>ug uiid I'. I*. HiUht.-li, ./. Sor. ritnn 
/m/. 39 (1“*' »),. liiOT ; 41 (t<122). iwr S.m* uIk.. K. K Hid. ,1. Trrjn-i. 

12 {1922). 3UH, M 1 o stioS’s f 1ml 1 la-. niiihiiuil ion of hydrogoii and etiivl<>n<. 
in the f>resono* of oickel is bout oxplairi.Hl if bolh roaetaiCs i Hiipjs.Kfxl 
U) SiM'.yne »u!-orh. d upon th.. nu'kel siirfii.'i*. 

*y’. D. Biintrolt. Amrr. Ehrlrurhrm So< . 32 (1917), 430 37 

(!02O). 21 ; I. I^anga uir. •/- f’fom .Soo, 38 (I9M»), 2274. • 

?B. MaxU'd, Trfin-, Ffira-iatj Sur. I3 IS), OS. 

* R. Tliomaa, ./. .S’or f torn. Ind. 39 (1920). Irtr 

* E. R. Bolton. J. Sor <'hrm. Ind. 41 {1^22), 384r. 

*W. Clayton, J. Sioc. Chem. hid. 36 (1917), 1206. 
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wliich would iMsrhaps pass out with the fat; this is only likely to 
occur, if an oil containing free fatty acid is being treated. , 

Some authurities have strongly advocated the use (jf nickel 
oxide-made by the; wet method—as a catalyst, and nave claimed 
that its action is essentially different from that of nickel.* Others 
state tlrat the oxide when used as a catalysb-is quickly reduced 
to metallic nickel, and that it is really the metallic nickel which 
s(5rvcs as the catalyst.- 

I The Nickel Accumulator^ 

Before leaving the subject of nickel, the Edison f lkajine accumu¬ 
lator must bo iftcntioned. In this cell, the aedive substances on 
the two electrodes in the uncharged condition consist respectively 
of ferrous oxide and hydrated nickelous oxide ; the electrolyte is 
alkaline, 2()-2.'> per cent, potassium hydroxide with To .I per cent, 
of lithium hydroxide laung recommended. Thus, in the ditehargfsl 
slate, the system may be represented 

EeO ' KOH iNiO. 

(The oxides taking part in the changes arc I’eally hydrated, but, 
as the, water-content varies with thi' conditions, it is left out of 
account.) When the cell is charged, the iron is reduced to the 
metallic eomlition, whilst the nickelous oxide is oxidized. It is 
probable that, the primary product of oxidation is tlie peroxide 
(NiOj), but this oxide is unstable, and after lieing formed„it slowly 
evolves oxygen, or reacts with any nickelous oxide whiclj njay still 
bo present.* If the cell is allowed to stand after charging, the 
oxygon-content of the product gradually falls off and finally reaclTes 
a value which corresponds roughly to the formula Xi-O,. As the 
oxygen-content falls off, the potential at the electrode drops, and 
finally it becomes constant when the composition bccomesCconstant 
at Ni./)j. We can reiirosent the cell in the charged state as 
Ke KOH ' Solid solutions varying bctween'XioOj and NiOj. 

1 K. Itt'ilferd and I't Krdinanu, J. Prnkt. f!hrm. 87 (lOlS), 425 ; E. Erd¬ 
mann, J. I'm)!. Chim. 91 (iSlfi) 411!). See also ,f. B. Sendereiw and .1. 
Alwuleno, Bidt ,X'ee. eVyrn. 17(11)1.5), U ; R WldstaUe.-and.E Waldsehrnidl,. 
Eoit/., Hff. 54 (11)21), ll:t, state ttiat inetallie nickel quite tiee from oxygon 
lias no oatalytie activity, Imt V. Kolber, lirr. 54 (11)21), 1701, «lm )ms also 
studied tho quest ton,'.daU- that it is mere active wlieii frei' i-oiii oxygon 
than wlion it roiitaiiis oxygen. 

« W. No.irann and W, Piinga, Chrm. Znt. 39 (191.7), 21), 41 : W, .Vorinann, 
Chrm. Znl. 40 (11)111), 757. ' 

® L. C. Tiirnoek, Mrt. C/iria. Khq. 15 (1910). 259 : A. E, KenneUy ailtk*t. E. 
Whiting, Trans, .diiirr. Klrctrarlirm. Soc. 6 (1904), ,lllr- : W. Bennett and 

H. N. (llllxyt, Tran.s. Anar. Kltclrachrm. Soc. 23 (19121). 1159 ; Mrt. Jnd. 
2 (1910), ll.'i. See also P.S. Bar. Stand. Cirr. 92'il92ll). which gives much 
nmetirnl advice on tho use ot I’lis aceiiinulator. 

*1''. ForrsU'r, Zritsch. Elrktrocttrm. 13 (1907), ^14; 14 (1908), 285. 
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The E.M.F. needed to ehiirgo the cell must bo sufficient to form 
• the oxide NiOj, but the o.wgeii-conteiit of the positive plate during • 
the discharge, is lower than eon'esponds to that formula. Conse¬ 
quently it is not surprising that the E.M.F. obtaimxi when the 
cell is (li.seharged is considerably less than that required to charge 
the cell ; this is clearly a cause of loss of energy. Moreover, the 
E.M.F.‘tends to fall olT as the discharge t.’.kes place -a further 
pnu'tiea; inconvcnicuKe Fig. 117 shows the charging and dis- 
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charging curves of a nickel accumulator (along with the eorrespond- 
iltg curves of the lead accumulator, for c.ompaiison). The cell 
must he ehaiged at 1-7 volts (o- the average), and only gives 
about 1-2 volts on diseharge ; thus thij voltage efficiency represented 


as a fractioi. is .ihout 


■ 1-2 

1-7 


or .t)'7. .\nd sh ce, during the latter 


part ('f the charging, much current is expendeil on the evolution 
of oxygen gas, the cufrent efficiency at a normal late of ,'harging 
-is only 75 per cent. Ouisequenlly the energy ci ieiency * is 
ah' 3t 


0-7 K I'l per cent. v52’5 per cent. 


t According to A. E. Kennolty and S.,,E. Wliiting, TranA Amer. Khetro’ 
rhem. Soe. 6 (1904)j 146. ^ , ** 
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'J’lliB (:iim[)arcs unfavourably with the lead accumulator, which has 
an energy ellieiency of about 80 per cent. • • 

It is probabl* that a considerable part of the difference Uetween 
th(! values of the (iharging and discharging E.M.F.s fiiust be re- 
t(OTe(l to irreversibU^ reactions at the negative (iron) polo, which 
Isssunes. active during tlu! charging process, and comparatively 
passive during tlui discharge A * 

Another obj(S'tion to tlu^ alkaline iwcuiuulator is the loss of 
charge on standing. Most of the NiO. that, is present in the'freshly 
oxidized electrode will gradually deisjmpose when the battery is 
stored, oxygen being evofved. t ^ 

« 2NiO., NinO., f 0. 

Thus the aecuiuulator loses, by storing for a day, about 10 per 
cent, of its charge, the E.M.K. diniinishing from about Co volts 
to about Mi volts On the other hand, a further storage j)roduceB 
very little further " loss of charge ” ; coMse(|uently, for storing 
over tong periods, the nickel accumulator may compare not 
unfavourably with the lead aeemnulator. 

In construction the nickel aeeumulator plates differ radically 
from those of the ordinary leiul aecuimulator If the plates were 
made, by pressing a I'asty material ot nickel oxide or of lively 
ilivifled ir<m into an op('n grid, as in tlu^ hsul aeeunndalor, they 
would soon drop to pieces in use ; for the \olume-ebanges oeeurring 
wlum iron is converted to oxhle, or when nickel |)eroxide is reduced, 
are very serious. Uonseipieidly the porous masses of irop anctThekel 
oxides, which form the negative and ]iositive plates respectively, 
are completely enclosed in perforated i)oekets of nickel-plated 
st-eel. Each plate has twenty-four pencil-shaped pockets, arranged 
side by side in two rows of twelve , each ]ioeket is ])acked full of 
the porous mass which is tightly |)ressed !iown‘ into the <poeket, 
a consiih-rable pi'cssure being employed 'I'he finisbed plates are, 
of course, much more durable than those of the l^yad accumulator, 
being wholly sheathed in steel. 'Phe Edison cell can thus be sub¬ 
jected to xiolent joltings, wlijeli would prove fatal tsi the ordinary 
lead aeeuimdator. ■' 

The plates are set parallel to one another, as in the lead accumu- 
dater, the positive ai^d negative ones being an-anged alternately; 
the two outside plates being negative. Thele may be four positive 
plates and dive negative plate.s in a cell. All the positive ;'lates 
in one cell are connected together; similarly all • the negative 
phrtes are connected t(>gether. The whole st .ries is eoptained in 
a’ rectangular ca.s(‘ also eonstruoted of nickcL’ed steel, the plateU 

* poinparo F.* Fwrster his ! V. Rprold, ZdtM'b. Elektrochem. 16 ( 1010 ), 461 . 
See also A. ,T. -Allmand, " .Applieil Electrochemistry” (Arnold). 
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bping Ki'paratpd from tho cast', and fnmi tmc another, by moans 
• of hard rublKT, The plates are covered, to within a short distance • 
of the^op, with the eU'ctrolyU’. containing jKitassyim and lithium 
hydroxides. The liquid penetrates, through the i)erforatioi\ of the 
steel envelopes, into the interstices of the porous mass Never¬ 
theless, po,ssibly because the mass of iron and niekel oxid*‘s is not 
suflieiently porous, and eonse(|uently does not present sullieient 
ivetive surface, only a portion of the material seems to take ])art 
in the changes, for the capacity of the plates is only a fraction 
of the theoreti -al value. The i)resenee of the lithium hydroxide 
increases tiu' •ipiu'ity somewhat. 

Various other proposals have been made with a view to increasing 
the capacity of the hattery and, incidentally, the charging and dis¬ 
charging rate. .Many attenqits have been made to utilize mixtures 
of oxides in preparing the active material. It has been ))roposed, 
for instanee, to mix oxides of bisimilh, cobalt, copper, mercury, or 
silver with the niekel oxide of the |Hisitive plafe. Similarly, since 
iron is open to objection as a material for use in the negative plate, 
owing to the tendency to polarization and even to passivity, attempts 
have been made to replace it. in part or wliollv. by cadmium Kor 
a, hiiig timi' it has been eiislemaiy to mix a little meremy with the 
iron of the negative plate' , it seems to render the behaviour of 
the iron elei'',iode le.ss iiTegiihii The cause of the lU'tiim of mer¬ 
cury is .still uni'crtain . it possibly serves to increase the condiic- 
tivifr^of the mass 

'rile chief practical advantage of the Ivlison aei'iiimilatia' over 
‘ill old lead aeeiimulator is its mechanical strength 'I'he plates 
can be subjected to rough usage without becoming broken Hut 
this is due to the construction of the plates, and does not seem 
to be essentially^loiiiffl u]) with the use of iron and niekel oxides 
as the lu'tive materials The construction of the cell has a further 
advantage. Since there is no fear of the plates dropping to jiieees, 
the cells niaj be charged or disiharged abnormally fpiiekly when 
occasion demands without fear of jierim.nent injury. 

But it was originally hoped that the niekel cell ,.duld solve the 
problem of the light accumulator, and in this respect it can hardly 
be said to have fullilled expectations. It is perfectly true that 
niekel and iron ,vre eoi»iderably lighter than I'ead, and have smaller 
atomic w'eights ; in the reaction 

* NijOj + Fe - 2Ni() t FeO, 

*he weighs of mat<'nal theoretically needed topriKluee one ampere- 
hour is considerably less than in the reaction 

^PbO, .f Pb -I- 2HjS0. =1 2PbS0. -t- 2H.O.^ 



2(12 


MKTALS AND METALLIC COMPOUNDS 


But the K.M.F. j)rovifl<'(l by the alkaline cell is much less than 
' that of the lead cell, and if wo consider the weights needed to store • 
(^f|ual amounts of energy, there is less theoretical advantage'in the 
use of the alkaline accumulator. However, in any ease, theoretical 
calculations of the weight required are of little interest, since a 
large proportion of the material takes no real part in the changes. 

In the ease of the lead cell (of the ordinary form), the' “ dead 
weight” is usiAlly greatest, on lus-ount of the massive character 
of the plates which support the iu:tiv(! mass. In the nickel cell. 
th<' dead-weight Of (he sheath, etc., is probably less serious, hut it 
is clearly necessary to attribute the comparative lightpess of the 
Edison (S'll to tiicssuperior mechanical strength of iron over that of 
lead, rather than to differences in specific gravity or atomic weight. 
Since buckling of the plates so common in the lead accumulator 
• need not he feared in the Edison cell, it is ]H).s.sihle to place the 
plates very close together without danger that they will touch ; 
in one type of Edison Cell, the clearance is only If 04 in. There¬ 
fore, the volume and weight' of the electrolyte is less than in the 
lead cell. In spite of these <'onsiderations, the .mKanlage in weight 
of the, Edison cell as compared to the lighleKt forms of the- lead 
lU'eumulator is not very marked. 'I'wo American authorijies, 
shortly befoi-o the war. staled that ” when referred to ecpial amounts 
of power delivered, tlm Edison Ba.tl<'ry weighs about 2.') |ier cent, 
less, and costs about 2.') per cent, more, than the Ironclad Exide 
battery.” ' 

On account of the superior mechanical stiength, the rapid 
charging rale and the slightly h}vvcr weight of the nickel accunnv 
lator, as compared with the lead cell, the former is to he preferred 
for traction purposes 

' \\'. M('tm< tt' jitul H. N. (Iillfcrt, V’mn.s-. Eln-frin In m. Sor. 2.5 (1013), 

< 3»»«. 
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]Ui*hi‘niiin), rhiidiuiii, and i)<dladium have tmn h in < 0111111(111 with 
iron, cobalt, and nickel, but possess inucli liiphci- meltin^;-ponds, and 
are very nun b more 'noble'' in ehai'iwtir In the rutlieniuin- 
rhodinm-^allSdium family, however, it i.-; the lii>t metal (riitheniiim) 
which ih the moat noble whilst in the iron-e.ibalt-niekel family 
it is the last (nickel) 


The Metal 

Ruthenimn is a silver-white metal, with a brilliant lustre hard 
and rather brittle. It- is a, little heaiier than lead, the specific 
gravity beiiif' 12-2 'I’he melt ini'-point is e.vtreniely high (I .ttbtt (' ); 
the metal can only Jiist lie melted 111 the oxy-hydrogen (lame 
Kiitlieniimi stands iieaily at the " noble’’ end of the I’otential 
Sern'S, and is more resist,mt lo re.igeiits than any of the metals 
which have, iiii to this )iomt, been described Like gold, it is not 
attiw'ked by any ingle acid, and it ajipears to be more noble than 
gc^drm tliiit eoinpaet rnthenmm is only very slowly dissohed even 
by aqoa regia Kinely divided rntheniimi, however, is compar¬ 
atively ipiiekly attacked by aqua regia It is jirobahle that 
riitheriinn does not really stand on the "noble’’ side of goldinthe ^ 
I’otential Series, and that the eonqiarative immunity of the former 
metal from att*ek -1,'^ aqua regia is due to a tendency to become 
passive, a tendency common to all the “ tra,nsition elements.” 

• Futheiiiuin is not el e.nged by exposure to the air at ordinary 
temperatures, iSit when hi'ated in oxygen, it heeonieseo\ered with a 
brown or bluish film of dioxide , it fused it takes iiji oxygen more 
rapidly, a certain ai^imint of the*volatile tetre Xide also being 
jirodueed, ithiell is recognizable by the odour. In addition, oxygen 
apparently tieeomes dis.solv'cd in the molten ruthenium, but when 
the mft.ii is (gio|ed,^his oxygen is giweii ap again, an effect nilt 
unlike the "spitting of silver” being produced The similarity 
of iho ruthi'mnm rhodium-palladium metals to silver in this and 
in other rc.siMH'ts is not siu-prising in view of the fact that silver 
♦ follows next after Valladinm in thir periodic table. 

Ruthenium is (bssolved by sodium hj^pochlorite. and also by 
fused mixtures of potassium earlmnate and nitrate ; in th* first 
' 203 ‘ 
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cttHts nitlionium tctroxidc in mainly produml, in the second case 
potassium rutheuate. 

Laboratory Preparation. The metal is easily prepared from 
its compounds, many of which ar(‘ decomposed by gentle heat¬ 
ing alone. The oxides or chlorides yield the metal in a black, 
Hncly divided form when heated in hydrogen. Again by the 
iu:tion of zinc, or almost any reactive metal, on the aqueous 
solution of a rnflicnium salt, a black spongy form of the metal 
is produced. 

T'he ]>rcparation fd ruthci|iura from materials contai.iing a mixture 
of the platinum metals may he carried o\it by one o( thp methods 
referred to in the Rnalytieal section.‘ 

Compounds 

Various compouinls of ruthenium are known in which the metal 
a|i|)ears to exercise valencies of 2, H, 4, (i, 7, and H resjrectively. 
The two hiwest oxides of ruthenium, RujO,,and HuOj, have a basic 
eharaeler, several .salts corresponding to each of them being know'ii. 
One or two salts derived from an unknown lower oxide, RuO, have 
been (leseril>e<l Compounds derived from the unknown acidic 
oxides Hut)., aiul ItUjO, can ho prepared; these are analogous to 
the manganati's and permanganates. A curious volatile oxide, 
l{u() 4 , is know'll, which is without derivatives. 

The pa.ssage from one class of ruthenium eomjiounds to anotivi:" is 
aeeoiiipanied by eoloiir-ehanges. Eor instance, a red sohitioii of 
the sulphate RiifHO,),, containing tetravalent ruthenium, when, 
rediieeil with sulphur dioxide gas gradually becomes blue, and 
then becomes colourless or pale yellow.= From the blue solution, a 
blue sulphite, Ru.dSOjla eontainiiig trivaleiit ruthenium, can be 
precipitated by the addition of alcohol, whilst the tiiial (yellow or 
colourless) ,solution yields pale yellow crystals, which are believed 
to be the dithionate, RuSoO,, containing divalent'ruthenium. 

A. Compoundr of Trivale'at Ruthenium. 

The sesqui-oxide, RiuO,, maj be present in the mixture 
prislueid when linely divided ruthenium is heated in air. The 
corresponding hydrojtide Ru(OH), is obtain 'd when th ' enloride 
(RuClj) is p-eeipitated with caustic soda. The hydroxide is dark 
brown, and is dilhoult to wash free from alkali; 'if the w'ater is 

‘For tho prupnnition of pun' luthonium from coinmorciiil ruthenium,, 
see *>lao A. (hithuT ami C. Trt'ukner, Zeitfich. Anortj. \'hem. 45 (1005). 107. 

* IJ. Antony aiu! A. Lueehcai, Oa'ettn, 28 (1898), n, 139 ; 30 (190<1), ii, 71. 
See, however, H. Kemy, ZHtsclt. Anorg. Chetn. 113 (1920), 235. ^ 
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driven oil by heating in earlidii dinxide, tlu* l>la( k aidiydrons oxide 
is left.* . . 

Th» corresponding salts me fornu'd v.iien the ^lytboxide is dis¬ 
solved in itoids, yellow solutions being ])ro(liiet'd. TIk'V are mori' 
easily prepared in other ways. The ililonde, for instance, is 
foinied when the higher oxide (KiiOi) is dissoheif in hy^lroelilorie 
acid, clilorine being evolved in the reaction.. It is a l>rown crystal¬ 
line sub.stance, hygroscopic and very sohihlc in •lalcr, yielding a 
yellow* solution, which when warmed becomes inU black owing to 
hydrolysis, the coloration being usually .ittiDlmtcd to a basic 
chloride, Wljen a solution containin’g allo^li-nictal chlorides is 
concentrated by evaporation, brownish dmi^ilc salts such as 
potassium ruthenium chloride (HnClj 2Kt 1 or K dtnt'l.,) cjin lie 
isolated in the solid state. 

The other .salts are less stable .\ blue sulphite (Itii ..(St I,),) 
has been mentioned above as being formcil from the sulphate of 
tctravalcnt ruthenium by reduction with sulphur dioxide Certain 
double nitrites corresponding to the eobalti-nitriles can be obtained 
by double ileeomposition. By the action of sulphuretted hyiirogeu 
on a solution of the idiloritle (KuCld, a grey,black pri'cipitate is 
ol^tained : this is a mixture of sulphides, and contains also free 
sulphur. It IS very likely that Ru.,,S,, may be |iresenl One action, 
howev'tT. of hvdiogen sulphide upon the trichloride is to <-ause 
reduction : the clear lupiiil left when the siiliihide preciiiitate has 
sett^^d is often blue,- and iirobably contains the diehloride (KuCL). 

.til the salts have the power of eombining with nit lie oxide, just as 
,b..ve the ferrous salts B\ the action of acpia. regia on ruthenium 
fidiydroxule Uu(OH ),,, red ery.stals of the com pound BuCl, NO. 11.^0 
can be obtained. • By combination with potassium chloride a violet- 

browff double salt 2l\('l.Ku('l3 NO or K 


l!u 
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B. CompoundR^ of Tetravalent Ruthenium. 

Ruthenium dioxide, Ku<> 2 , is said to bt* tin- oxidi* mainly 
produced when ruthep^uni is stronply heated in oxygen ; it is more, 
eonvenientiy prepand hy heating the t^resiionding niilphate, 
Bu(S 04 )a, and remains as a iilack powdisr when all the oxides of 
sulphitr l»avi* passed ."^way. If heated abovft lIKHt (', it Ijreails up 
int^ ruthenium and the volatile tetroxide (Ku(l 4 ). Ih'low 000'^ C,, 
h^^wever, the tetroxide itself breaks uj) iiuo the dioxide and <)xygicn. 
Thus the dioxi(|e displays an apparent volatility, and xvheii mejallic 

* A. (Jutbier and 1^. KnriHolioff, Ztiluch. Anorg. ('he.tn. 46 (lllO.i), 25,], 2i»4 
(espei’iaHy the fo<ftno'x>). * 

•See A. tiutbicf and C. Trenkiicr Zeilsch. Anorg. ('him. 45 (IIJOS), 17:i. 
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ruthenium is heated in a porcelain tube in a current of oxygen, a 
jing of fine crystals consisting of the dioxide appears in the cooler 
part of the tube, and sometimes also a black amorphous, body 
containing rather more oxygen. ' 

Only a few of the salts are known, even in solution , in all cases 
the yellow-r<’d solutions are unstable. The simple chloride, 
(lluCl,), for instaiKs-, is,difticult to isolate, as it readily loses chlorine. 
Double salts, suidi as potassium ruthenichloride, iKCl.KuCl, or 
K.i[lluCl,J, eorres|)onding to the platiniehlorides. an^ known. The 
])otassium salt is bvst ol)tained by the action ol a finjed mi.xture of 
potassium liydroxidc'and i>(itassium chlorate upon mclallie ruthen¬ 
ium ; the ])roduet,of this fu-siou is extracted with cold water, and 
the solution is made acid with very dilute hydriK'hlori(! acid and then 
allowed to evaporate in raciio o\er i|uieklimc.' It deposits red- 
bi'own crystals which, like iKJtassium jilatiniehloride, are somewhat 
sparingly soluble in cold water ; the. salt is decidedly unstable. 

By the action of hydrogen sulphide, on a rutheuiehloride, a 
mixture of sulphides is preeijutated If thrown down from a hot 
solution, the precipitate eorresponils ap]iroximately to the formula, 
KuSj. W'hen this priaipitate is oxidized with nitric acid, the 
sulphate, Ru(S(),)j, is obtained ; it is a yiilow-brown siihstanee, 
with a yellow-red solution. 

('. Compounds of Divalent Ruthenium. 

Very few undoubted eompoiiiids of divalent riitheiiiiini are kitown 
in the solid state-. 'The exact, nature of the yellow eonipoiiiuHoriiied 
by reduction of the higher ruthenium salts with sulphur dioxide is 
still a little diaihltiil . if, as suggested above, it is a dithionate, 
RiiiS./),, it is presuinahly a eompound of divalent ruthenium. A 
chloride (Riitij) prohahly exists as has ln, -n ruuiarked- in the 
blue solution obtained by redueing the higher chlorides with 
hydrogen sulphide , the same blue solutions can be obtained by 
reduction with sodium amalgam. 'I'hey are vi-ry unstable and the 
reduction should be carried out in an atmosphere of earbon dioxide. 
The addition of aiistie soda tiV the blue solution yields a brownish 
coloration or precipitate.” 

Complex cyanides exist wbieli are rather more stable. By 
heating ^Hitassium eyaiiide with the nitroso-dfrivatixf of ^lotassiiim 
rutheninin el-loride, iKt'I.Rut'bi NO, potassium ruthenocyanfde, 
K,fRu(t‘N)oJ is produced. It is a colourless substance, riomorpilious 

' It. .\nlon.v mid .-\. i.uecliesi. 29 {ISttO), ii. S2. 

“For delHils sts- F. M. .bieger mid ,1. H. de Ituer, Pfm'. Am'tt. .Icm/. 23 
(192(1), IW. 

” Hr-Hoiuy. Zeit^h. Amtrtf. Chem. 113 (1920), 229. 
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with potassium ferrocyanide, and, like the latter, gives precipitates 
^ with salts of various metals. Tiio rutheiiocyanides of zinc and 
load ar^ white; witli ferrous salt.s a green prei ipitate is obtained, 
but ferric .salts produce a violet coloration only. * 

D. Compounds of Hexavalent and Heptavalent Ruthenium. 

Altbougb tbe oxides HnOj and KujO, bave not bi'on prepansl in 
tbo free state, di rivatives are known in wbieh they ifjipear eonibined 
with basic oxides. It is clear that an acidic ibaracter must be 
ascribed to tbe.si' two oxides. If finely d'^vided jiiibeniiiiii is treated 
with a fus(d nii.xture of caii.stie potash and potassiinii nitrate, it is 
oxidized. When tbe ina.ss is extiaeted with water, an orange-yellow 
solution is obtained, from wbieh dark ]>riMns of potassium 
ruthenate, KzKuf.)!, can lie isolated by erysfallizatioii. 'J'liey 
usually appear green by relleeti’d light, but are red by transmitted 
light. If ehlorine gas is biilililed tliroiigb tlie solution, further 
oxidation oeeiirs , tbe liipiid darkens, and deposits blaek eryslals of 
potassium perruthenate, KKiiOj This is miieli less soluble, and 
tbo solution, wbieh is dark green, is very imstable and readily 
deeomposes, o.xygeii being liberated. Tbe analogy between tbe 
ruthmiates and pernitbeiiates on the one band, and the maiigaiiates 
and permanganates on the otlier, is very elose. 

E. Compounds of Octavalent Ruthenium. 

R*’thg>iii*m tetroxide, lluOj. In many re.speets the telmxide 
is tlie most interesting compound of nitlieiiiiim, being a volatile 
siibslaiiee. When a stream of ebloriiie gas is bubbled through a 
4 per eeiit. .soliilioii of jiota.ssium ruthenate, and is led out into a 
well-eooied reoeiier, a^oldeii solid (riitlieniiim tetroxide) eolleets 
in the fe.ceiver: 

. KdtuO, I Cl, 2KC1 i KiiO,. 

• 

It can aftenvards bo freed from water by distillation over calcium 
chloride under reduced pressure, 'i'hc tetroxide melts about 
25'^ C. to an oraiige-eolaured liquid. It cannot be boiled at at¬ 
mospheric pressure without decomposing, but can bo diB*illed under 
redueixl jrressurc without difficulty ; the vapour has also a yelbiw, 
colour, and'is eJiplosivJ. Ruthenium tetroxide is a very jHiv.eriiil 
oxidi'/hig agent,* reacting with explosive violence with alcohol or 
sulphhr. Till vapour attaqk.s india-nibber and oxidizes mercury. 
The totrojide appwrs to have feeble aeidic jiroperties; when 
concentrated aiiimoi'ia is added to tbo concentrated solution of tbf- 

^ A. Uutbier, ZeitscU. Anor(/. Chern. 95 (1910), 177. •• 
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ti;troxide, a grey-brown liquid is obtained which on evajwration 
. yields the. salt (NlDjKuOj.' 

F. Miscellaneous Compounds. “ 

Ruthenium Carbonyls.* Ruthenium has an unstable volatile 
carhony^, which can only be produced by the use of very high 
pressures. The methpd of preparation is analogous to that used for 
the priqjaration of cobalt carbonyl. Ruthenium black is subjected 
t(.) the action of carbon monoxide at 300'^ C. under 4(H) atmospheres 
pressuri! ; the carboti monoxide passing out from the apparatus is 
eapabk^ of depositing a nitheninm mirror on hcjiied glass. If, 
however, it is p.assrd into a cool tube a small amount of an orange 
deposit caTi be obtained ; this is a ruthenium carbonyl, but its 
composition is still uncertain. Riter work has indicated the 
existence of a second carbonyl, which is non-volatile.' This body 
has the composition Ru((;0)j; it is prepared by heating powdercrl 
ruthenium in carbon monoxide at 250“ C. under 3.50 atmospheres 
pressure, and may bo extracted from the residu(! with alcohol. On 
evaporating the solution in a current of hydrogen, the dicarbonyl 
is left as a brown powder. 

’ F. KrutiMH. Znt'^rh. Anonj. ('him. 119 (11)21), 217 
* L. Mtnnl, II. Hirt/.,HiMl M. I). Cowup, Tmny ('lum Sor 97 (lOlO), S()9. 
''U. L. MotuI iitnl A. lb. Wiillis. V’/vMM. ('firm Sur. 121 (11)22), 119. 
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The Metal f 

Rhodium is very similar to ruthenium. Liko the lulh'r it is a 
hard, .silver-white metal, but it is more malleol^o and ductile. Its 
meltiug-poii^t fl,970''C.) and sjieeitie gravity (121) are both 
similar to those of ruthenium. 

Like ruthenium, eom|)aet rhodium is scarcely dissolved ’by 
ordinary luids. or even by a(|Ua regia, but it is more readily 
attmked by ehlorine gas. Rhodium is not changed by exiMisnre 
to the atmosjdiere at the ordinary t<‘m]STatm'es, but the molten 
metal takes up oxygen ; the oxygen is given up on cooling, the 
phenomenon of spitting being observed 

Laboratory Preparation. Metidlie rhodium can easily be 
obtained from its compounds Ry the reduction of the aqueous 
solutions with a mori' reactive metal (eg zinc), tlnr black, finely 
divkk'd form is obtaineil. If a zinc-rhodium alloy is treated with 
hydrochloric acid tier rhodium is left as a grey powder, which contains 
both^q^ygen and hydrogen. When heati d in a tube, it exjrlodi'S 
with a fligsh. the phenomenon being ihu! to the sudden r'ombination 
of the oecluderl hydrrigen and oxygen If oxygen is comjrletely 
eielndetl during the preparation, the irroduct is not explosive.' 

If it is desired to prepare rhodium from materials containing the 
other platinum njiUals ime of the methods |■l•f<•rled to in the 
analytk'Sl section may Tie adojited. 


Compounds 

The main eompoumis of rlnMlinm# correspond Ri the oxides 
Rh,Oa and RhOj the hiost imiiortant ones, being derived from 
RhjOj. There are indications of the existence of more highly 
oxidized pouqxiunds, but they are much less w^dl developed than in. 
the case of ruthenium. 'Certain preparations supposed to represent 
compeands of divalent rhodium (c.g. a supiiosed oxide HliO, and e 
supp,:^! sulpiiide RhS) have been described ; but there is no 
reason to think thart they are definitj)'chemical individuals" • 

• 

' K. Cohen and Th. Strengers, Zeitach. i^hyo. ('hem. 61 (iOriS), 728. * 
•E. LeidlA, dim. Chvn. Phys. 17 (IsSD). 280 288. 

M.c.—vo». nr. * ■ 209 
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A. Compounds of Trivalent Rhodium. 


The sesquioxide, RhjOa, is most easily produced by heating* 
the nitrate, and is a grey powder ; the black hydroxide Rh(OH)„ is 
produced from the solution of the corresponding chloride by pre¬ 
cipitation with excess of potassium hydroxide. When once dried, 
it becofhcs almost insoluble in acids. If sufficient caustjp potash 
is not added to give kn immediate precipitate, a yellow form gradu¬ 
ally separates out, which is much more readily soluble in acids. 
The yellow form is also dissolved by excess of caustic alkali; the 
solution pre8uma*l)ly contains a compound analogods to the ferrites. 

The salts of trivalent rhodium are formed vhiej), the yellow 
variety of the hjdrated oxide is dissolved in an acid, and can be 
obtained by crystallization. They are mostly yellow or red crystal¬ 
line substances having a yellow or rose solution (hence the name 
“ Rhodium ” from “ Rhodes,” a rose). The chloride can best be 
obtained by the action of chlorine gas on the finely divided metal, 
and is a red substance. The solution is red when concentrated, 
yellow when dilute. It combines with ammonia to form ammines. 


such as [Rh(NH3),]Cl3, which is colourless, and 


Rh 


(NH3) 

Cl 



which is yellow. Several double chlorides are known ; for insthneo, 
sodium rhodium chloride, .3NaCl.RhCl3 or Na3[RhCl,], can be 
obtained in red prisms by crystallization from a solution containing 
both chlorides. 

The sulphate, Rh2(S04),.12H,0, is obtained by di.ssolurion of the 
hydroxide in dilute sulphuric acid, and forms a series of true alums, 
which crystallize in yellow octahedra. Of these caesium rhodiufn 
alum, ('sjSO,.Rh 3(804)3.241130, is the easiest to obtain, on account 
of its slight solubility. A yellow nitrate, RhlNOj),,is also known. 
Various complex cyanides, such as K3[Rh(CN),], and aiso some 
complex nitrites,* have betm isolated. 

By passing hydrogen sulphide into a boiling solution of rhodium 
trichloride, a black precipitate is obtained. This seems to be the 
acid sulphide, Rh(SH)j. The normal sulphide can be made by the 
action of hydrogen “ulphide on the dry chloride. 


B Compounds of Tetravalent Rhodium. 

Rhodium dioxide, BhO„ is obtained, when the metal is fused 
with a mixture of caustic potash and potassium nitrate. The 
oxidation is comparatively slow ; the sesquioxide is formed at first, 
and it may be necessary to -epcat the fusion' several times, before 
the oxidation is complete. 

I.eidiS, CompUa Rend. Ill (1890), IOC. 
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The oxide has an acidic character ; the derivatives have not tieen 
,isolated in a state 9! purity, but they appear to be formed in the 
following way. The yellow form of the trihydroxide (Rh(OH),) is 
soluble ift caustic alkali, as has been i'emarke<l above. When this 
solution is oxidized by passing through it the gaseous mixture 
produced by the action of hydrochloric acid on jxitassium ejilorate, 
it becomes first red and then blue.' At the same time a green 
precipitate appears, which is probably the hydroxye, Rh(UH),. 
It has been suggested that the blue solution contains a conijx)Und of 
hexavalent rhodium, namely, the sodium salt, Ni'.KliOj. 

The green hj^roxide dis.solves in hytir(xiiloric aiid, giving a 
blue solutioiP. Presumably this contains the tetrachloride, KhCU. 
but the solution is unstable, slowly evolving chloiinc, and yielding 
the yellow solution of the trichloride, KhClj. 

* P. Alvjirt'Z, f'o?Hplrs 140 (l!HK>). U14I. 
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Atomic weight . . . 106'7 

( 

^ The Metal 

Palladium, like rhodium, resembles silver in its general appear¬ 
ance. It is rather lighter than rhodium (specific gravity 11 - 5 ), 
and melts at a considerably lower temperature, namely, 1 , 549 ° C., 
only just abovo^the melting-point of iron. 

In chemical properties, palladium shows a general resemblance 
to rhodiutn and ruthenium, but is distinctly less noble ; it has alsc 
much in common with silver, which stands on the other side of it in 
the periodic table. Unlike the other “ platinum metals,” palladium 
is soluble in strong nitric acid and even in concentrated sulphuric 
acid ; the dissolution of palladium in nitric acid—like that of silvei 
and copper appears to be catalytically accelerated by the presence 
of nitrous acid. 

Although the bright lustre of palladium is quite unchanged by 
exposure to the air at ordinary temperatures, the metal becomet 
covered with a coat of bluish oxide if heated to a moderate temper¬ 
ature ; on strong heating, however, this oxide is decomposed, anc 
the substance resumes its nictallic appearance. NevcrthelcwS, fuset 
])alladium absorbs a considerable amount of oxygen;' which i( 
“spits” out when cooled - just as does silver- at the momijni 
of solidification. 

Laboratory Preparation. Different methods of reductioi 
yield palladium in seemingly different forma. L'y the electrolysis o: 
a warm, well-stirred solution of |)alladium chloride or palladiun 
ammonium chloride containing sulphuric acid, apompact coating o: 
palladium appears on the cathode.* If dry palladium ammoniuu 
chloride, PdC'ls. 2 NH,Cl, is Jicated in a current of hydrogen, a clarl 
“sponge” cu palladium is obtained. ,A finyly divided type o: 
palladium (“palladium black”) is obtained by the action of i 
reduejng agent such as sodium formate upon a solution of a palladiun 
salt; it consists of very fine particles, but almost invariably containi 
^oxygen, which is not removed completely even upon heating ii 
vacuo to dull rednesa.2 By the action of hyclra?ine hych-fcte oi 
palladium chloride in the presence ol a protective colloid (such ai 

’ R. Aiubcrg, ZeitKh. .Ekktmchem. 10 (1904), 380; S. C’owper-(3ole« 
Trana. Inal. Min. Met. 7 (1899), 270. 

' * Ii. Mond, W. Ramsay, and 1). Shields, Proc. Hoy. itoc. 62 (1897), 290. 

212 



PALLADIUM 


213 


sodium lysalbiiiato), a stable blai^k eolloidal solution of pAlladiiim 
(is obtained.* Aiiother eolloidal solution- much less stable-- • 
can be prepared by passing an are between two palladium wires 

below the surface of water eontainiiiK a trace ( ) of sodium 


hydroxide,- 


Compounds 

The oxides of palladium are known, IMO and PdO.j, and a series 
of compounds exists corresponding to ciuh. L.nver compounds 
such as PdjO ai»l PdCl have beeyi doseribe<l, but their individuality 
is doubtful : on the other hand, the snb sulphiil' (Pd,S), formed 
when palhulo.sammine chloridi- (PdC'L 2 NH j) is heated with sulphur, 
is commonly recognized as a chemical indiviilual. ' 


A. Compounds of Divalent Palladium (Palladous Com¬ 
pounds). 

When finely ilivided paihuiium i.s healeil in a stream of oxygen, 
it ahsorhs that gas If the tem|ierature is ahout, Hl(t (', the 
composition begins, after some hours, to approach that indicated 
by tlic formula PdO, and thi' jyroduct piobably consists largely of 
palladous oxide. 1’he pressure of oxygen corresponding to the 
equilibriyim, 

P<1 ^ O-^ PdO 

has Goon det“rmined at different temperatures.' It iHaaunes equal 
to rnc atmosphere at about 8(i(J’ (', and eonse(|uently the monoxide 
dcciiniposes if heatiai m an open vessel above that bunperature. 
The anhydrous oxide is bluish, greenish brown or hhu'k aymyrding 
to the method of lyreparation. The hydroxide, prepared by 
precipitaijion of a, palhuTous salt solution by an alkali (preferably 
sodium carbonate), or by the hydrolysis of such a salt solution, is ■ 
darlc broxvn. • 

When the hydroxide is dissolved in an acid, a brown or red 
solution of a jialladous salt is obtained.* The salts are more readily 
prepared from th" metal. When palladiun^ is acted upon by 
nitric acid (specifie gravity 1-35- I-IO). a solution is obiained from 
which it ii} possible to isolate, by crystallization, brown prisms of t'le • 
nitrate, PdfNOjb Lilfc other palladous salts, this is immcniatoly 
hydrolysed in th*- absence of free acid ; when water is added b 
the c.’J^stals, a basic nitratis is at once formed. The sulphate, 

* C. Poal and C. AiiilK,rgor, Ber. 37 (#904), 132. » 

* C. Bredig and M. ifortner, Ber. 37 (1004), 708. , 

“ F. Boeaslor, Zeitsch. Anorg. Chem. 9 (1895), 55. • 

»L. W6hler, Ztii»^. EUktrochem. 11 (1005), 836; 13 (100^). 781, ** 
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PdSO,. 2 HjO, can Ixi obtained by dissolving the metal in strong 
sulphuric acid (preferably in the presence of nitric acid); the nonnaU 
salt is reddish,brown and gives a basic salt when treated with water. 

I'he chloride, PcKJlj, is obtained when palladium Is acted upon 
by hydrochlocic acid containing free chlorine. The solution may 
be concentrated by evaporation over quicklime, and deposits a 
re<ldiHh hydrated cldoride, which yields the dark brown alihydroUK 
(dd()rid(\ wheil cautiously heated. But if heated too strongly it 
loses chloi inc. 'I'he anhydrous chloride is also obtained by heating 
spongy jialladiuiin in dry chlorine Various amndnes are known. 
By evaporating a s(jlution of palladous chlornie containing ammonia 

' f” Dl —I ^ 

yellow crystals o! Pd ( j arc obtained. On repeated evapor¬ 


ation with ammonia, however, t«o more molecules of ammonia are 
taken up, and colourless P<l[(NH.,)4j('l. is produced. 

'I’lu' dmdilc palladous chlorides an' more easy to prepare in the 
solid condition than the single chloride. If, for instance, jiotassium 
chloride is adrh'd t<' a solution of ])alladous chloride, the complex 
salt, potassium palladoehloridc, 2l<('l.lM('l3 or K.lPdCl,], can 
be obtained by crystallization in reddish ihchroic prisms. It will be 
noticed that in all the complex salts of divalent palladiuni, the 
co-ordination number is four, not six. 

Of special interest is the iodide, Pdl., which is father insoluble. 
It is obtained as a black precipitate by adding potassium iodide to 
palladous chloride; the precipitate is somewhat solyblc if! dxcess 
of potassium iodide. The sulphide, IMS, can be obtained, mixed 
with other sulphides, by precipitating an aqueous solution oi a 
palladous salt with hydrogen sulphide, but it is more conveniently 
pnqiared by passing the vapour of 8ul])hur over heated palladium. 
As is so often the case, the wet method yi(tids a black finelj(f divided 
. precipitate, while the dry method yields a compact jiroduet retaining 
something of the metallio appearance of thp metal. Another 
insoluble palladous salt is the cyanide, IMfCNlj; since it is very 
easily dissolved by excess rjf pota.saium cyanide, it is best obtained 
by adding niereurie cyanide to a jialladous spit, when it comes 
down ns a yellow pri'cipitate! The solution* in potassium 
. eyanVlu contains the complex potassium palladous cyanide, 
2 KCN.Pd{CN)i or which call be isolated'in colourless 

.erystnls. t , 


B. Compounds of Tetravalent Palladium (Palladic Com- 
,' ifiounds). , . * ■ ' ^ 

* It is doubtful whethef palladic oxide (PJo,) can bi' obtained in 
thb pure anhydrous oonditioh. It is sometimes stated to be formed 
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upon the surface of a palladhuii atuHle used in the electrolysis of 
acidulated water, but it is questionable whether any definite oxide , 
i^ fonqpd anodieafly. The corrc8]K)ndiiig hydroxide is obtained 
as a red*or brown pri>cipitate by the addition of eafistie alkali to a 
pallodie salt (e.g, potassium pallndiehlonile). It darkens, and 
partly decomposes, when any atteinjit is made to dry it ^ 

Pallatlic salts of oxy juids are dillieult to produce. For when 
the hydroxide is treated with such an acid, oxygen k. evolved, and a 
palladous salt is produced. Palladic hydroxide can be dissolved 
by hydrochloric acid, however, nithont the evolution of gas, and 
the brown soliition may be eonsUh red to contain the chloride, 
PdCL. ThJ same brown solution is obtaimsi by di,ssolving palla- 
<lium in a(|ua regia. When ev.-iporatisl, it loses chlorine, luid 
the simple ihloride cannot tlnrefore be isolati'd. Hut, by adding 
alkali-metal chloridi-s to the solution, various doulde chlorides can 
!«• obtaimsl in the solid .state, owing to tlu ir feeble solubdity. For 
instance, if a solution of |)alladiuni in aqua n'gia is treated with a 
|Mita.ssium chlorkle, potassium p.dladichloridc, 2K('1.1M('1, or 
K,[Pd('l„l, is depositisl, after gentle eva]iornlion, in brown-red 
crystals 

Tbe corresponding sulphide (IMS,) is also known. When 
palladous sulphide is fused with sulphur and sodium carbonate, 
and the mas's is extracted with wat<r, the solution contains a 
complex suljihidc, N.ijS IMS, or Na,[lM.S|l. If the solution is then 
trestefl with dilute hydroehlorie acid, the sinqile palladic sulphide 
is precipitated as a dark-brown jiowder. 

Palladium and Hydroften ‘ 

One of the most interesting features of ])alladnim is its remarkable 
power (d taking sp hjslrogen gas The metal will absorb several 
hundred times its own veluino of gas Palladium black takes up^ 
hydrogen with far greater velocity than the same weight of compact 
palladium at tlm same temperature and pressure, and also holds a 
greater amount when it reaches the linal state of .saturation. The. 
amount taken up deiievtls both on t|?e tenqH'nitur. and iiressure. 
The metal st.fiers no very violent change iif apiiearance, when it 
takes up the gas, .ilthough there is an increase in volume, a decrease 
in eieetrfcaWtond'ictivity,^ and an alt<‘rati«n in Biechanieal projK'rties ; 
it may be imagined that a palladium-hydrogen alloy is 'ormed. 

This jiower to absorb hydrogen in “ alloy form,” without the loss 

’ A Koo<i*8umnmi v\.f ’’ic*wh in givoti 1^’’A. \V. I^orUT, 7Va»«. Faraway 
6oc. 14 (1919), 192.* • 

• 0. Wolf, ZtxUich. PhyK Chan. 87 (1014), 575 ; E. A. Handing and DfP. 
Smi^, J. Amer. Chem, 40 (1918). a508; 41 (1019), 1802. «• 
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of metallic properties, is characteristic of the metals which fall in 
the centre of the Periodic Table. Nickel, palladium and platinum , 
display it in the most striking manner, but the other tr^^nsitiou 
elements, suchlis iron, can also take up a considerable* qua^itity of 
hydrogen ; the neighbouring elements in the Periodic Table from 
vanadium on olie side to copper on the other ])o.s8e8s the power in a 
smaller Jiegree. On |he other hand the metals at the two^ends of 
the tabk? combine with hydrogen in [x^rfectly definite proportions, 
forming (in every case) a single compound ; the compound has in 
most cases a composition agreeing with the usual valency of the 
metal, and has none of the properties of the nn^tal from which it is 
derived. 'I’he following arc a few of the definilio V hydrides ” 
which are formed by elements at the tw'o ends of thi: Periodic 
Table : - 

Kll.Call., . SiH„PH,.SH,.ClH. 

It is ipiite likely that the power to absorb hydrogem in “alloy- 
form ” possessed by the transition elements and their neighbours is 
eoniKsded with the small value of the iitomic \'olume, and may 
thus be correlated with the special power of the .same elements to 
form complex .salts, and also with their magnetic properties.' 

In considering the behaviour of metals tow ards hydrogen, we have 
to deal with two .separate phenomena: -- 

( 1 ) Surface adsorption of atoms or molecules of hydrogim attaching 

themselves to the surface of the metal. 'I’he amount of hyijlrogen 
lulsorbed will chairly be determined by th(‘ active surface of tjie metal, 
and will also be greatest if the surface is clean and fn'c from other 
ad.sorbed substances (“ poisons ’ ) , 

(2) True solution or absorption within the interior of the metal. 

The amount of gas dissolved will be i)roportional to the ivlumc of 
the metal. * ' • 

, Now it seems extremely probable that whenever a metal takes 
up hydrogen it is first adsorbed upon the surface, avil then gradually 
diffuses into the interior, 'ihe main ri'ason why black finely divided 
palladium takes up hydrogeiismore quickly than compact palladium 
is that it has a greater surface. One n-a.son'kvhy it takes up a larger 
amount of hydrogen when finally saturated--is that in palladium 
(diq'k tliere is hydrogen adsorla'd as well as hydrogen djssolved, 

whilst in bright palladitim; the surface arerf is mifch slnaller, and 
♦ 

'C'oinpartf 1). P. Smith. J. I'kifs. Chtm. 23 (1919), I8(i.' J^ut W. 

Lowik, Tmns. Chan. Sor. 117 (1920). 'tiunkn thu diolectnc capacity 
is hU'intportunt. Hinoc it ilotonnipOH the power tji bripak up the hydrogen 
iilolcculo into utoma. ' • • • 

* Compiut> A,. Holt, £. C. Hdgar, and J. H. Firth. Zatscli. Fhm. Ghent. 82 
{19h2), 518. » 
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the amount adsorbed upon that surface can almost lie iieglwted. 

Since adaorptiop is largely dejieiident upon the cleanlmiiss of the. 
8urfa<^, it would be cxptH'bMl that other subst4mees uhich art' 
cajiabWof being adsorbed would intt'rferi' u ith the efitry of hydrogen 
into palladium. Many of the sub.stanees, wlueh were mentiomsl ns 
“poisons” to a niekel eataly.st, reduce the amount of hydrogen 
which •ill ix‘ taken up by linely divided iialladmui. ffydrogen 
sulphide, for iiistanee, di’presses n<it only the rate of oeelusion of 
hydrogen by freshly reduced palladium, but also the total amount 
which is finallv taken up.' 

Surface adsorption ap|H'ars to 1 h‘ piaetieally an instantanoous 
process ; Uhe amount of hy<lrogen adsorbed di-creases ns the 
temixTature rises. (In tlu' other hand, the ditlu.sion of the gas into 
the interior reijuires time, and the rati' of dillnsion will increase as 
the temperature h.ms Thus a rise of temix'iatnre will generally 
be unfavourable to surface adsorption, lint mat sometimes be 
favourable to true .solutiiai. for mstanee in eases where the metal 
is e.vposed to the gas onl\ for .1 limited time. In general, the total 
amount of hydrogen taken up by all varieties of ])alladium in a state 
of saturation falls oil as the temperature rises.- 

It .seems probable that it \ery low temperatures (below 0 ) the 
hycfrogen is praetleally all ad.sorbed upon the surface, whilst at 
high temjx'ratures it is jiraetieally all in solution. Abo\e 140" C. 
the amount of h drogen taken u]i by palladium wire is found to be 
imV'pandent of the diameter of the w ire ; this would seem to indicate 
thatmirface .id.sorption is at that t4‘m]X‘rature no longer an iniportaiit 
faitor in the oeelusion of hydrogen by wire On the other hand, 
pall.idinm black (which has an iiilinitely greater surface than the 
wire) still takes up a larger amount of hydrogen at 140" ('. than 
palladium wire, lyid it.‘^]iower to absorb hydrogen only bisome.s as 
low as 1 hat of the wire when a temperature of about 000“ (!. is 
rigu'hed. * 

The ditTerenei*between surface adsorjition and true solution is 
clearly shown in certain e,\|KTiment.s upon the action of hydrogen 
on another elo.sely analogous metal? jilatinuni.' In “platinum 
black,” a ve-y Hnely Sivided variety, the »aninunt of hydrogen 
occluded was found to decline with a rise in ti'inperature, whilst in 
. • • • 

* K. B. ('hfm. Sot'. 117 (1020), 1280; tJurt jh I'-wt hIidwii h.y 

the «i rves tJii ini*^***^ 1284 ttiul 12 h‘» 

* ,/tOwA. Phyt*. (hun. 88 (1014), ii);i . Ztif»ch. 

Phya. Chfyn. 17 (1805), 1. li(jucvt*r, A. (liithuT, <1. (jrubhanlt, 

mid H. Ott-euitein, (1013), I45!l, uhfJ fintl n uuniniuiii h1 20 

Ifpparent discroparu \ m hoiiu* uMunt uxpmnHsI in the liuhl f nM-uiii ux|>*'rV 
mental work by .1. B Fnth. TranM. Chetn. Sac. 119 (1921), IJ20 • 

’ A. Gutbier and O. Matsch, Her. 52 (1919), 1368. •• 
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“ Ri)ongy platinum,” which, although porous, has a much smaller 
active surface, the amount taken up was found ,to increase as the , 
temperature was raised. , 

If a sample if palladium is already covered with sn absorbed 
film of some tenacious substance, or “ poison,” its power to take up 
hydrogen will ‘be reduced. It is found possible to “ clean ” or 
“ activate ” the siirfijce of pallaflium (i.c. to rid it of adsorbed 
“ poisons ”) by {leating it, preferably in voffuo ; in fact, such treat¬ 
ment is almost always neces,sary before palladium become* really 
active in taking up hydrogen at low tcmjKwatures. Possibly the 
poisons are nanoved by* volatilization, possibly ^by oxidation, 
passibly by diffusion into the interior; in many caae.sf no doubt, 
all three fai.iors will enter into the “ cleaning ” by heat. In the 
ease of palladium black “ poisoned ” by hydrogen sulphide, it 
appears that the hydrogen 8ulj)hido is decompo.sed, pure hydrogen 
licing evolved on heating at 100 ° (f in vaciio.^ On cooling, the 
palladium has recover'd much of its power of (Kicluding hydrogen. 

The heat treatment of a sample of palladium may, however, 
affect the pow(W of taking up hydrogen in other ways. When, for 
instance, “ palladium black ” is ignited, it undergoes a kind of 
” sintering,” “ palladium sponge ” being formed. Either the small 
particles adhere together to form larger ones, or the largo particles 
grow at the expetuse of the small ones ; at any rate the surface area 
of the material diminishes, and the capacity of taking up hydrogen 
falls olf.^ . , 

Eurtherraore, the annealing of any metallic siibsta^iou usnally 
produces a certain amouiit of “ reerystallization,” as is well known 
from work on metallography. Palladium in a ]¥rrfect crystalline 
condition iirobably takes up hydrogen le.ss readily than met.al in 
which the atoms are in a disordered state, Siiyie annealing will 
alter the respective proportions of the perfectly “crystalline” 
'material and the more or leas “ amorphous ” material present in the 
metal, it will clearly alter the behaviour of any sadlplo of palladium 
towards hydrogen. There is no occasion to assume—as some 
investigators ^ .apparently think necessary—that two definite and 
separate allotropic forms of pallad'um exist. The view that the 
[lassage between the crystalline and “ amorphous ” condition is a 
graiJual one—which ir now; held by many ipetallograpl^t*—is not 

.'K. B. Mttxted, Trans. Chem. Soc. 115 (1919). 10.-)0;.117 (1920)) 1280. 

• A. Sievort^i, Zdtsch. Phy9. Chem. 88 (1914), 12'). Compaw* R. VVrighV&Qd 
R. C. Simth, Ttxm». Chem. iSoc. 119 (1921),^1083. 

K. AnHrow atuI A. Holt, Poy. Soc. 89,[2¥i’(l9l3), 170 ; A. HoH» 
Proc. Hoy. Soc. A)0 (A) (1914)^ 220 ; J. R.,Fjrth,''Z’fyjn«. (JhcrA. Soc. 117 (1920/» 

171 : 119 (1921). 1120 Compart' also A, SioviTts, Zeiiach. Phya. Chetn. 

88 fiOU), 105, 451, * 
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inconsistent with the cstablishwi facts n'gartlinn the nbsoqttion of 
hydnigcn iiy paUadium. . 

W* have shown, therefore, tliat tl>e lieatinJ;^of a sample of 
jiallndium Inay affect its power t<i take up hydrogen in thr<M' ways : 

( 1 ) By driving off “ poisons," thus cleaning and m’tivating the 

surface. , 

(2) By “sintering,” and thus reducing 'he active surface. 

(3) By “ recrystallizatiiin.” > 

It is not surprising, therefore, to find that no two samples of 
paUadium Iwhave in exactly the same way towards hydrogen, the 
differences in, their hehaviour being caused by slight dilfereuees 
in the tliA-iual history of the different .samjilc--. 

Nothing has been said h'therto about the state of the hyiirogeii 
in the palladium. No delniite comjHuind has been isolatisl. The 
amount of hydrogen (aken u)) varies continuously both wifli 
pressure and femperature A general ri'lation between the ]iressur<‘ 
and the amount of hvdrogen absorbed at ciaistaiit temjierature has 
las'ii established ; it apiilies both to palladium wire and palladium 
black, although it is only valid for comparatively low pressures and 
moderately high femperalures (above 13>S 'Ihe amount of 

hyjlrogen taken up by palladium is approximately proportional to 
the square root of the iiressiire. This important law has tieeii 
found by Sisvert.s' to apjily not only to palladium, but also to 
eopjier, iron i'i> bid, tantalum as well as to several alloys of thesi' 
iiwtifls It can only be reconciled with the law of Mass Action, if 
weVsitme that the hydrogen enters the metal as .single atoms, so 
tiiat the equilibrium is represmted by thi' eipiation, 

2H H., 

'J’he fact that the hydrogen molecule is split up when hydrogen 
enters^ metal n*i doulit accounts- in part at lea.st for the [siwerful 
j^ediieiiig iinqx'rties of metals containing hydrogen. • 

It is simplesfc to think of a palladium-hydrogen alloy as a solid 
solution of liydrogen in pallndiirti. ,^ieverts has, however, pro- 
eisded to .show that, although- as .stated above-^ Ihe amount of 
hydrogen t(iken.up b^ palladium at pressiye 1’ can be indieatisl 
approximately by the expression, K \ 1’, it is more aeeuratidy given 
bv the, expression, , • 

• • K,\ P i K,V, 

whwe K, anif K, are constants dejs’iiding on the temperature; 
Kj is much smaller than K|, and. eonseqiieiitly. the second term of 

■» * • *• 

* A. Sievort#, Zettni%. Phyif. C/.am. 77 .’ilil : A. Sieverts ar^ K. 

Bergner, Ber. 44 (1911), 2394 ; A. Sievert., E. .lurweh, and'A. Metz. Zntmh, 
Awrg. Clum. 92 y915), 329. 
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the exi)re8nion is always very much less important than the first, 
,an<l for rough puqmscs can often be neglected. , Nevertheless, its 
presence in the more accurate expression would seem to indicate that 
hydrogen raolcc\ile8 as well as single hydrogen atoms tire fuesent 
in the palladium. 

Even t|;io expression given above does not hold good for palladium 
black at low teinperatpres—except at very low pressures. As soon 
as the hydrogen ipressure has ])a3.sed a certain value (depending on 
the temperature), the amount of hydrogen taken up increa-SEs very 
((uickly, as is showij by the curves in Fig. 38 .’ This was attributed 



t'lu, 38.—Tlu' .XlHorfUioii of Kydro^en bv I'ftllaUunn afMtitteront 
'ri'nipemturfs. 


at one time,to the ap|K‘arance of two imiuiseible solid solutions in 
thr alloy at this point : aeeonling to the phase rule, the pressuVe of 
hydrogen in ('quilibrium with a two-phase alloy will he*independent 
of,.fhe proportions in which I’ho hydrogen-ril'h phase and the, 
hyd.'ogen-poor’phase are present. According "to this theory, the 
’C. HotUems, Ztitfch. Chem. 17 (1895), 22. 
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inotherms should be perfectly horiiontal during the portions of the 
curves marked qf) Actually there is a slight sloia-, and most. 
chem*t8 are di8ix)Bod to abandon the notion of two iiumiseible solid 
solutiohs. ‘The sudden inereiise of concent rat ion at a critical 
pressure does not ixcur at high tcmpcratiircs. 

Palladium can be chargcil with hydrogen by calhcMlie tj-eatnnait, 
and it Is interesting to observe the variations pf thi‘ potential during 
the charging process and after the interruption, of the current.' 
The cathodic metlnxi of saturating tlie metals with hydrogen has 
proved useful in studying the effect of the ]iresenie of a second 
metal on the jolubility of hydrogen in {.alladium It is found that 
gold, whicS forms a complete series of solid solutions with pallatlium, 
reduces the quantity of hydrogen taken up u|K)n catlKslic treatment 
to an e.xtenl which increa.ses regularly with the gold-content of the 
alloys. Alloys consisting of 7 "i |ier cent, gold, ‘ 2 ~> ist cent, palladium 
arc almost without solvent power for the gas.- 

Onc rather interesting conseipicnce of the fiwt that hydrogen 
dissolves in palladium is that thin palladium foil is |M-rfi-ctly (sir- 
meable to the gas at high tcmiM ratiires. About f-’ott t’ , the leakage 
of hydrogen through tin* walls of a palladniin tube can be demon¬ 
strated exiierimcntally." 

Most of the statements made in eonnwtion with the i-ntry of 
hydrogen into iinlladiiim apjily equally well to other metals which 
absorb hydrogi >' Thus platinum black has a remarkable jwiwcr of 
tftkiitg u]i hydrogen ; compact platinum has comparatively little, 
although it can be charged with hydrogen by cathodic treatment. 
Agam, all kinds of rhotlium black (prepared in different ways) 
take up hydrogen ; fait the blackest samph^s (which are jiresiimably 
the most finely divideil and have* the greati'st surface area) take it 
up most readiljk’ » 

Clo^'ly connected wi'h the |H)wer of palladium and other nndals 
to absorb hydrogen and other gases is their latalytic activity. If ^ 
cold mixture of*oxygen and hydrogen is )ia.sscd over asbestos within 
which finely divided palladium has IxM’n precipitated, combination 
takes place quietly at prdmary temperatures I'elsidium saturated 
with hydrcgcn*i.s—as alrea''y reniarked*-n jsiwerful reducing 
agent; it rinluees ferric salts (in aqueous solution) to fcnmis salts, 
and etft, convert a c^Jromatc to a chtomieasalt. * 

P. Simthauiil K. ft. Martin, J. Atmr. Client, fiuc. i'i ihl'. 

•A. J. Ber-y, Trann. ('hem. .Sue. 99 (1911), 4«;t 

* T. Graham, Phil. 7‘rans. *156 (ISfitt), 430. 

* A. Girtlner and t/. >*niHeli. Wr 52 ^1919), 227.'). 
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Atomic weight . . . 190-9 

« 

The three nuAals, of,mium, iridium and platinum, are similar in 
gcuKTal jiropertiAt te ruthenium, rhodium and i)alladium, Init are 
on the whole more noble, and less fusible. Osmium has a special 
similarity to nitliKiium, which falls j\ist above it in tlu' ])eriodie 
table. 


The Metal 

Osmium is, like the other elements just mentioned, a lustrous 
white Hilv(Ty metal. It is the heaviest substance known, the 
spc'cilie gravity being 22 -r>, practically double that of lead. Osmium 
has also one of the. highest melting-points (about 2,5tK)but 
it falls considerably below the melting-jxiint of tungsten. 

(lompact osmium is unatTeeted by most acids and by aciua regia ; 
but the finely divided metal is perceptibly dissolved, not merely 
by aipia regia, but even by fuming nitrie acid. Hot selenic acid ' 
also attacks osmium, yielding osmium tetroxide Conipaet osmium 
is attacked by fused sodium peroxide, and by a fused mixture of 
(lotassium nitrate and hydroxide 

At ordinary temperatures, osmium undergoes no elningc, when 
exposed to the atmosphere, although the finely divided metal 
becomes slowly oxidized when gently heated si about 2(10 ' ('. Tht'' 
eompaet metal is readily oxidized when strongly heated in air, 
giving off poisonous vapours of the volatile tetroxide (OBO 4 ). In 
the formation of a volatik' tetroxide, osmium shows a sintilarity 
t.i ruthenium, but it should be noticed that osmium tetroxide is 
formiKl mueli more readily, and is niiieli more stable,dlian ruthenium 
tetroxide. The eomjiarative ea,se with which osmium becomes 
oxidized by air at high tenipu'atiires is in distinct contrast to its 
remarkable resistance .fo corrosion by aqueous sohitiyns. 

Laboratory Preparation. Metallic osmium can be obtained 
by Kie (fiectrolysis of Mie solution of a eompound, or, jn u black 
pseudo-amoj-phous state, by reduction with zinc or a reducing 
agent. If the vapours of the volatile, tetroxide are passed iritio a 
solution containing a reducing agent (e.g. hj’drazirie hydrate), 
reildetioii occurs, finely divided, osmium being Jiroituccd. ■ , 

Where it is desired to isrilate osmhmi from inaterials containing 
• 1 K. Hradeoky. see Cheih. 21 (1917), i, 949. 
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a mixture of platinum metals, the metbuil mentioned in tlie aiialj'- 
tical section, depfnding upon the distillation of osmium as tlie, 
tetrojyde, is available. 

• . 

Compounds 

In its power of combination, osmium rcscmliles ruthcniiyn. which 
stands ^ust alK)\e it in the pciiodic table, tjiore closciv than the 
other elements of the groii]). As in the ease of nitliemum, there 
are nutCicrons series of compounds ; enmpounds exist eorresjsimling 
to valencies of 2, 3, 4, (5 and 8, but in each scries tin- numls'r of 
stable compou|i<ls known is comparalivciy small. In many eimes 
there is a elear analogy la twecn the compounds of osmium ami 
ruthenium 

The most highly oxidized compounds will be eonsidered (irsl. 

A. Compounds of Octavalent Osmium. 

When a stream of o.xygcn is ])as.sed over osmium heated in a 
tube, the volatile tetroxide, OsO,. is formed, and may be con¬ 
densed as colourless needles in a eooleil vessel. 'J’bc oxide is also 
formed when nitric acid acts on the metal. The substance melts 
bolow lot) ami is \eiy volatile at the melting |Hiint. The 
vajKiur has an unpleasant odour, and is very ]ioisonouh ; it attiu'ks 
the eyes, prfslucing temporary- or even iierinanent blindness, 
and ill th also on the skin and on the lungs. The vapour density 
hais the normal value corresponding to the formula OsO, 

O.^miuni Tetroxide is quite soluble in water. The solution is 
ne.itral to litmus. By the action of hydrogen sulphide on the 
solution, the eorresponding sulphide, DsSj, is thrown down as a 
brown jirccipitate. A solution of osmium tetroxide in strong 
potassium bydriqiide h j^ an orange colour and contains an orange 
“ per-oiSuate.'’ 2Kl)II OsO,. whieb lias been isolated in tbe solid 
st#te ‘ 

Another intcif'sting com|S(Und of oetavalent osmium is the 
octafluoride, OsK„ which is formed by passing fluorine rajiidly 
over linely divided osnyiim at 2.')0° : if the stream is too slow, 

lower fiiioriiljs, OsF, or OsFj, alone are itrodueed. The oeta- 
fluoride, which i.- very volatile, must be condensed in a vessel cooled 
with solW qjirben dioxiije and alcohol Jt is it yellow solid, mcliinff 
at about 3d’ (' , and giving off an irritating, laloroiis vijioiir.* 

B. Compounds of Hexavalent Osmium (The Osmatesj. 

When absolution oi the tetroxide in Hiring eaiiHtie iKitaih 

’ L. TscliugHttv, Compten Itruil. 167 (JdlH), IS2. 

* O. Ruff and F. W. Tsuhinrli, Uer. 46 92U. 
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is acted upon by a reducing agent, such as alcohol or a nitrite, 
.the red colour becomes more intense, and (deposits violet-red , 
crystals of potassium osmate, KjOsO,. The osmates are elosely 
allied to the rutlicnates, and thus to the manganates rfn4 the 
sulphates; it is not surprising, therefore, to find that the osmates 
of calciiijn, strontium and lead are insoluble. 

• 

C. Compound^ of 'fetravalent Osmium. 

The tetrachloride, OsCl,, is luoducod when chlorine iiTpassed 
over osmium hca^d in a tube and sublimes forward, condensing 
in the cooler part of the tiibe. It is a red substance, the solution 
being yellow. Various double chlorides arc also ilrnown. If 
chloriiK^ is passed over a heated mi.xt\ire of finely divided osmium 
atid ])otassium chloride, and the residiU! is extracted with water, 
the complex salt, potassium osmichloride, 2KC1.0s(!l4 or 
K2[()s('lej, corresponding to potassium rutheniehloride, is pro¬ 
duced 'I'his is also a red salt with a yellow solution. 

When the ilry chloride is heated with sodium carbonate, the 
grey-blaek oxide, OsOj, is produced. The black jireeipitato formed 
when a solution of the chloride is treated with caustic alkali con¬ 
sists mainly of the corresponding hydroxide. When a solution of 
osmium tetroxide, op of potassium osmate, is reduced with alcohol, 
the same product is obtained ; if jirotected from oxygen during 
drying, it is found to be pyrophoric, and lakes fire (or even explodes) 
when brought into the air. The pyrophoric character is supposed 
to be due to the presence of some organic substance.*' ’ 

When th(‘ solution of the double chloride is jireeiiiitated with 
hydrogen sulphide, the yellow sulphide, (hiS,, is said to bo jire- 
eipitated ; it is also produced when hydrogen sulphide is bubbled 
through a solution of an osmate, the gas ivting ''rsl as a reducing 
agi'iit, and then as a precipitant, 

tj 

I). Compounds of Trivalent Osmium. •> 

When a solution of a higher oxide in hydrochloric acid is boiled 
with a rediui g agent, such ns mercury or alcohol, the solution 
proilueed contains tiie trichloride, OsClj, nfixed with higher 
chlorides. The trichloride is more easily produced in the solid 
state by heating ammonium osmochloride (NH).,[OsCl,] in a current 
of chlorii'r' at lIuO’C. ; it is a brown-black jiowder.® Double 
(ihlorides an' much more readily isolated ; potassium osmochloride, 
:lKC1.0s('l,.3H,O or Ka[Os('lj].3Hs(), is a red crystalline substance 
obtidiH'd by adding ammonia'to a solution of the volatile tetroxide 

** O. Kuft ftmi H. Ratltsburg, Bit. 50 (1917), 

• 0. Uufl’ uiul F. BunionuMin, At itxh. Anotg. Vhftn. 65 (1910), 461. 
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in potassium hydroxide, the solution being afterwards saturated 
, with hydrogen chloride. 'I’lie ammonium s<dt is prepared by the 
reducing action of hydrogen suljihide on a solution of osmium ‘ 
tetroxide in diydroohloric acid; ammonium i hloride is addesl to 
the solution, which on evaporation deiaisits idl crystals. 

When the aqueous solution of potassium osmiM'hlorule is treatial 
with alkali, a brown-red preiipitate cousisliug of the liSdraltal 
sesquioxide, OsjOj.nH.O, is thrown down ; if on the other luind, 
the dry double chloride is liealed witli sodium earlKuiale in a euneut 
of carbon dioxide, the anhydrous oxide, which is black, is said to 
Ix' prixluced. ‘ • , ■ 

E. Compoifnds of Divalent Osmium. , , 

When an aqueous solution of osmium (etroxide is reduced with 
sulphur dioxide, a blue liquid is obtained. 'J’his contains the 
sulphite, O.sSOj, and that salt may be isolaliHl by lautious 
evaporation of the solution ; if dried in mciio, it is said to be 
black W'hen the blue, solution of the sulphite is treated with a 
caustic alkali, the hydroxide is ibrown down as a bbie black 
precipitate, which oxidizes readily in the air. If the solid siiliiliite 
is heated with scxliuni carbonate in a current of earlKin dioxide 
to prevent oxidation the anhydrous oxide, Os(t, is obtained as 
a grey-bliu'k iiowdcr. 

Apart from the sulphite ineiitioiied above, few salts of diialeiit 
osiniiiqi are known. X chloride, OsCl,. is formed to a small 
extent wjjeisosniiimi is heated in a tube in a current of chlorine, 
but is usually mixed with higher chlorides It is also |iroduced 
wfien the trioliloride js heated under rediieed pressure.' 'I'he 
diehloride is dark brow n in colour , it is scarcely dissolved by 
cold water, but on prolonged boiling witli watm- it yields a pale 
yellow Slilutioii. * * 

^■rtaiii complex cyaniiies of divalent osmium exist, which are , 
analogous to therferrocyanides For instance, potassium osmo- 
cyanlde, K,[0,s(C'N),].HH2t), is formed wIk’Ii a solution of osniic 
tetroxide in alkali is mixed with a sok'tion of potassium cyanide, 
and evaporaU'd. »\ppaA'ntly part of the cyaiyde act* as a reducing 
agent. The salt can be purilied*l)y reerystallization and then forms 
yellow tablets; the solution givek a light violet precipitab' wjtlq 
ferrous salt? ami a darter violet (ireciptlate with ferrii- salt" 

' (t# Ituft unit F. Itnnieiliimil. Z>tln<h. Am/rtt. ('him. 65 ^ttllO). 461, * 
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Atomic weight . . 193-1 

Iridiifiii bears the siiiiie general ii-lation to osminni as Rhodium 

docs to ruthenium.' 

< 

The Metal 

The metal itself resemhles the other platinum metals, being 
white and lustrous. It is only slightly le.ss heavy than osmium 
(ap(«ific gravity,, 22-4) and, like osmium, has a very lugh melting- 
point {2,2!M)°0.). It is very hard and is much more brittle than 
platinum. 

In some resjM-cts it is the most “ noble ” of tin; platinum metals. 
The massive metal does not dissolve perceptibly even in aqua 
regia, but is somewhat attacked by fused potassium bisulphate, 
and eond>ine.s with ehloriiu' at high temperatures. The finely 
divided metal, howcwer, is soluble in aqua regia. The compact 
metal is not changed by heating in air. l)ut the black, finely divided 
or spongy iridium takes iq> oxygen. 

Laboratory Preparation.' Like the othei- metajs of the group, 
iridium is easily rtxhussl to tlu^ metallic state. 'I'lie chlorides 
(including the double chlorides) deconqsise when luatcd, I.eaying 
a spongy mass of grey or black iridium. Solutions of.iridium salts 
yield the black finely divided metal when tr('ated with /.inc or with 
an organic reducing agent. If platinum, (villadium or osmium are 
present in t he lincly divided metal, they can largely be removed 
by repeated e.vtraction, first with nitric acid <-ontaining nitrous 
acid, which dissolves away osmium and palladium, and afterwards 
with diluted aqua regia, which dissolves a«ay the platinum. Rho¬ 
dium. if present, can be eliminated by fusios with potassium 
bisulphate, which converts the rhodium to a soluble compound 
easily removed by subsequent wa.shing with water. Iridium is 
left as an insoluble sejsquioxide, which is ea'sily roduciblc to metallic 
iridium.* 

(lolloidal iridium can la- obtained by methods analogous to those 
employed for obtaining cdlloidal palladium'. An hxpklsive form of 
impure iiKlinm analogous to explosive rluxliums is prepared by 
the action of an acid upon a zinc-iri(|ium alloy. ' ■ 

(.‘Vir the preparation of pure irkliuin from inipuve 'matcriats see G. Matlhov, 
f’ror. Koy. Sm. 28 (1879), .489. . ‘ ' 

‘•U. Antony, flazeita, 22 (18^), i, STa. 
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Compounds 

» • 

The dompoundis of irklium In'iir a icrtain aindoj^- to Ihose of 
rhodiupi,’ whifch falls above iridium in the peritnlie table. like 
the rhodium compounds, they eorreKjX)ud U' valenciefi of four ami 
three. No volatile tetroxide, smdi a.s i.< formed l)y oMniiyu, has 
been isolited in a pure state, although the but that iridium can 
be volatilized in oxygen betwwn 7.")0 and l.oott. (' lias been 
interpreted as showing that such an oxide does exist,' A.s in the 
case of rhodium,,loxver eomiKnmds hate been desgiibed, Init tlnw 
is at present no (Jcfuiite reason for considefing tlfeiii to be chemical 
indix’iduals ; •tints when iridium trichloride is heated it loses jiarl 
of its chlorine, yielding betueen 72(1 aniT 711(' (' broMU-gre/'ii 
crystals, said to he the diehloriile. IrClj \ihilst Ih'Imccii 740“ and 
850° C. a blue-black monoehloride is stated to lie obtaiiuxl." 

A, Compounds of Tetravalent Iridium. 

When the linely-divided metal i.s dissolved in aipia regia, the 
solution eoritaiiis the tetrachloride, Irt’l, Ify evaporation of this 
solution at a low temperature (below 40 (' ). the solid chloride is 
.said to be obtained as a reddish-black salt It is prepareil in a 
state of greater purity by treating a sus|)ension of ainnionium 
iridichloride in Vater with elilorine gas.' The eorn]>Iex chlorides 
are, as usual iiioic easy to obtain in the erystiilline condition, 
owinf: to their,eonip.iratively low' solubility , thus, by the addition 
of potassiuni chloride to the solution of indium in aipia legia, it 
is ]aisdble to obtain dark red crystals of potassium iridichloride, 
2K('l.lr('l, or K .ilrCI,, 

By the addition of caustic alkali to a .solution of the chloride, 
a blue pn^-ipifate hi tln-Hiydro.xide is obtained when heated in 
a current of carbon dioxiii.*. this loses water, and the black aiihy- 
drodk dioxide (Iryj) is left . but the lattir ri'iidily loses oxygen 
if heated too .stiongly. 

The decom)iosit.ion pressure of iiiijjnm dioxidi’ at dilfereni 
temperatures has bijni iiKHisured . it becomes erjiial tf> that of the 
atmospherh at atioiit I.KHi (,'. 'Iliiis finely divided iridium heated 
in oxygen at atinosphene pre.ssiire itt l,(l7(i"(' beeonies o»ijli'/,ed , 
to dioxide, b«/t. f the diaxide is heated i»t. I,ltd , partial decom¬ 
position IK curs,. The question is, however, rendered e.,iif|iheate(l 
by the. existence i5 solid solutions of iridinni in the dioxide.' 

*L. WohTer and Iv. vVitsiniuin, Zr.ttuch* him. !4 'IftOS). 107.'*» «- 

■'•L. Wohler. Chna, ZSt. 35* (191», 79S . 

•M. DelOpine, .4im. Chim. 7 (1917), 2^7. 

• L. Wohler anil Witzrnanri, Zeituch. EUktrvchiim. 14 (It^S). 9J.** 
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When a well-cooled solution of lithium iridichloride is saturatefl 
with hydrogen sulphide, tlu' sulphide, IrSj, .is thrown down a.s< 
a brown precipitate. Upon treatment with coneentrated nitric 
acid, this yiefds the sulphate, IrlSt),).,, as an amdbphous,brown 
body having^a yellow solution.* 

« 

H. Compounds ot Trivalent Iridium. * 

When a solution of the tetrachloride is reducid wiUi sulphur 
dioxide the red colour changes to green, and the solution contains 
the green trichlAride, Irt!!;,. In tlu! pre.senee of potiussiuni chloride, 
a complc.x ])otassium iridium chlorhle, llKCblrtii K.|[IrCle], is 
easily i.solated ifi Bolui)le green prisms, which contain three mole- 
cuhrs ot water of crystallization.^ 

ily treatiucnt of the green solution with alkali at Itllt ('., the 
hydroxide is slowly precipitated; when thrown down by an 
alkali (arbonate, or very dilute caustic alkali, the preci]iitatc is 
green, but in tlu! presence of much caustic alkali it is black ; the 
•lilTcrent colours arc probably due to variation in the water-content. 
Hoth forms arc rea<lily oxidized by expo.sure to air, and the hydroxide 
is consecpiently best ])rcpared in an atmo.sphcre of carbon dioxide. 
It is dillicult to obtain the hydroxide free from alkali. It is like¬ 
wise diflicult to dri\c otT the water by lu'aling. sc,) as to yield the 
anhydrous oxide (Ir./),), because ilccomposit ion occurs according 
to the equation 

21 r,t), Ir 1 :!lr(),. * < 

At higher temperatures the dioxide produced may itself jiartlv 
decompose, with the evolution of oxygen. It is doubtful whether 
the oxide Ir,!).! has yet been prepared in a pure stati-.^ 

The salts of o.xyaeids are prc])arcd by*'di.s.solving thediydroxide 
in the acids in question . only a few are known. The sulphate, 
lr.j(S(),) „ IS a yellow substance when pure , buf if it contains salts 
of tetravaleut iridium, it may appear violet. True alums formed 
by combination with the i^ilphates of the alkali metals are known, 
all of widen crystallize in yellow ottahcil'a I'he sulphite, 
lrj(St),,)j.()Hj(), is produced, along with a basic salt, when sulphur 
d,,ioxi(le is passed through water eoiitaining the hydrated oxide in 
Huapmision ; it is yellow.'and, although soluble hi wif,er eoiitaining 
„sulphur''dipxide, is scarcely soluble in pure watjCr „ 

The sulphide, IrjSj, is thrown dywn as a hrov n or bltic.k |>re- 

,, ‘ tf. Rimbnch and F. Korteiu Zfil^vh. Ariory^ f'tirm'. 52 tt9i.>t), tOlt. 

* For doUals of tlie clitgrslc and roinplex cliXii idcs'el trivalcal iridifim, 
aee M. Dcl^pine, dmi. ('him. 7 (11117), ‘J113-:iai>. 

" L. Wohler and W. Witzimmn, Zi itnch. Anorg. ('Infn. 57 (1908), 934. 
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cipitaU* when liydroj^en sulphide is j>;Lssoii int<* a si>lutiou of i»no 
•of these salts. * 

A sene* of eomplex cyanides an<l eomplex nitrites exist, oorre- 
spondirtg to (he ferrieyaiiiiles and to (lie coli.dtinilrites. Potas¬ 
sium irldo-cyanide, :iK('.\,lr(('.\)^ or K, lr(('\V. is (ormcsl 
when aimnoniurn iridi-eldoride, (Ml.iJIrt'I.J. a.nd pot'assiuin 
cyanide are fused toyetlier ■ it is a lolouriess sidistuiirti. Potas¬ 
sium irido-nitrile, K,,;ir(N()is laodueed .us a white j.re- 
cipitate when potassium nitrite is added to a hot solution of the 
sulphate. 



PLATINUM 


• /Moinic weight . . . l!)r)-2 

.lust as palliulium is less nolilo tlian nithfiimiti and rhodimn, 
HO platiiHiiii is loss noble than osniiuni and iridium ; platinum has 
much in eommen with gold, just as palladium possesses points of 
similarity to silver, and nickel to copper. , 

I 

The Metal 

Platinum reseinhles the other mend)ers of the group in apiiear- 
ance, possessing a whit(^ metallic lustre , it is a very heavy metal, 
slightly less heavy than osmium and iridium (sjjeeifie gravity 214) ; 
the melting-point (about LT.oo' (’.) is also lower than that of 
osmium or iridium. It is .softer than iridnnn, and, unlike that 
metal, is very malleahle and ductile. 

Platinum is not attacked by pure hydroehlorie or pure nitric 
acnd. It is jien'cptihly attacked by boiling strong sulphuric acid 
and is dissolved fairly reiulily by ivqua regia; the finely divided 
metal is dissolved by a cyanide solution, especially in the presence 
of air. It is also oxidized by fused potassium nitrate, hut is.com- 
paratively resistant to fused potassium bisulphate! Platihum is 
attivckcd by gaseous chlorine. The solubility of ))latinum in acids 
is reduced if a little iridium is alloyed w’lth it, and is increased if 
it contains a less noble mctivl. 

Finely divided platinum takes up or;ygenifrom the air. At 
least part of the amount taken up probably remains adseirbed 
upon the surface, but it is considered by man^y chemists that an 
oxide is actually produced ; this view is thought to be supported 
by the fact that after exposure to the air the linely divided metal 
has acquired an oxidizing eharaeter git liberates iodine from 
potassium iodide) and also has become partia’lly a-rluble in hydro- 
yhlope acid.* Platinum foil keated for many weeks in oxygen at 
about 420° C. becfuues .covered with a dark coat o{ okide, which 
decomposes at a higher temperature. The compact metal suffer* 
no visible change by exposure to the air at orihnary tem^rature. 

, When a platinum vessel is heated in th,e. reducing fame, of a 
Tuirner fed„with commercial coal-gas,, a jmrous footy layer i* pro- 
‘dvu'txl on 4he surface.'and^. in time, a hofe may be worn through 

• >1,. Wfthler, Bit, 36 (190S). S47S. 
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the vessel. This has t)een shown t-o be due to the presence of carbon 
* disolpl^de in the flame, which is said to form an additive comiwund, 
PtCSj, with.nlatmnm ; svdphur-free flames are harnilc^.* Impure 
platinW, containing iron and rhodium, is corro<led in tliis' way 
with esjwcial rapidity. 

Platin|im vessels heated in a non luminous (oxtigot-ricfi) flame 
do not suffer the kind of <'orro.sion just described Nevertheless 
they lo8“ weight to an appreciable extent when heated in an 
oxidizing atmosphere.- Tliis loss of wi-ight iloes not a])|K‘ar to 
be due to true volatilization beeaiise it loes not occur when the 
metal is heaJedSa vacuo. It has been show'ii that minute jiartieles 
are shot off from the heated surface, and it is xnonght that this 
is due to the formation of an endothermic o.xide wlneh is stable 
at high temperatures, and wliieh decomposi's at loivei temiwratures. 

Molten platinum di.--s()lves oxygen with avidity, but gives up 
most of it on cooling, the jihenomenon of " sjiitling " being observed. 

Platinum, like |ialladmm dissolves hydrogen, the absorption 
takes place most tpiiekly in the c ase of (inely div ided metal, but 
platinum foil is ajipreeiablv pervious to the gas 

Laboratory Preparation.’ Platinum is obtained in the 
metallic state fiom its salts liy the ordinary methods The state 
of aggregation depends on the method of reduction. If a solution 
of platinum chUuide is reduced with an organic reducing agent, 
sucli act hydrazine hydrate, in the pre.senee of a |)roteetive colloid, 
Hueh*as sodium lysalbinate, a bliu'k-brown colloidal solution of 
jilatinum is obtaimsl. It can be freed from excess of eleetro- 
lyli's liy dialysis, and van afterwards be evapvirated on a water- 
bath. This le.Kves a bku k deposit of dry “ colloidal platinum ” ; 
if the residue is jgain treated with water, the colloidal .solution 
of platinum is regenerated.'* 

y the solution of }ilatinum ehloride is reduced by another metal, 
for instance zine,% black deposit is obtained, which can 1 m! sopar- 
ated by filtration from the liquid ; it is known as •• platinum 
black ” and is a very agtive catalyst.* Another wn’ of obtaining 
finely divided *daeR platinum is Jiy dissolving »in alloy of platinum 
and a baser metal e g. zinc, in an a< id the base metal is dissolved, 

• 

* F. Mylhiw an»< C. Huttnur, Afinrij. dheui. 95 IJ.37 

* J. y. T. Phii M’uj. 25 (lOl.i), 270 ; \V. 0. Kayo t.-i U. bHuju 

PfxK. ^or. 89 [A] .'iS ; J.,. JloUMim ami L. AuHfin, SitzuH ixr 

Prtu»9. Akad. (1903), 245. C!k)jtipare Sir W. Crty»kcMj, Proc. Swi, 86 
(Aj (1912), 4*1. • * • , • «*, 

/’For the propaiatioii pure platinum from irapuro ina*<r>alH, sot* 0. 
24iiithey, Proc. Boy. Soc. 28 (1879), 464; E, "W ichere, J. Amv. Vhem. S<fi\ 
43 (1921). 1268. 

•C. Paa! Hyd C. Aitiljerger, Her. 37 (1904). 124. 

• • 
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and platinum V)lack is left Indiind, often in an “ explosive ” form, 
the explosive properties being due to the presence of oxygen and • 
hydrogen. When platinum black is heated, it underjjoes same 
kind of “ sintering ” as him been noticed in the case of pallaidium ; 
the colour changes from black to grey, the volume diminishes 
appreci^bly, and the surface area (as indicated by the. power of 
adsorbing gases) betomes consiilerably reduced.* 

The form of fdatinum known as “ spongy platinum ” is obtained 
by heating platinum ammonium chloride, and is a black or grey 
porous mass. „ 

Finally, eomisut lustrous platinum can be sbtained by the 
ehictrolysis of a solutuv' of platinum ehloritle containing free acid * ; 
citric acid has be(m found a eonvi'nient reagent to maintain the 
hydrion concentration within the correct limits; the platinum 
deposited forms a bright coating on the oathodi', but has a tendency 
to peel oil. 

Finely <livided ))latinum <'an bt^ welded together so as to produce 
the 1 ‘oinpact' rnctal For instaiice, if a |)astiy mixture of spongy 
platinum and water is pres.scd (.ogether in a mould, the particles 
lulhcre logc^t.hcr ; if the product is then hcaUxl strongly, and ham- 
inored, the whole becomes quiti^ coherent, and when it is burnishfxl 
the bright nudallic Insti-e apjicars. 

« 

Catalytic Activity. Like other substances which readily lulsorb 
gases on their surface, platinum has a. considerable cgta^tic 
a< tivity in favouring gaseous reactions Platinum .bhv'k brings 
about the combination of oxygen and hydrogen at a low tempera- 
tvire. It is ]iossihle, for instance, to light ” a Bunsen burtH'r 
by holding a wire carrying finely divided platinum,in the path of 
the gas-air mixture i8.suing from the mouth. Again, a red-hot 
platinum wire, held above the surface of an aleohol-ethef mixture 
' contained in a dish, may remain red-hot indefinitely; a Icyal 
combustion of the vapour is brought about on the surface of the 
platinum, and the heat thus evolved is sufiicient to maintain the 
tcmperaturi' qf the wire, although insufticient to ignite the mixture. 

The addition of platinum black, or, better still.woltpidal platinum, 
to hyilrogen ix>roxide quickly brings about the dwomposition of 
• the latter substaneq S(s)ngy ])latimnn, suitably prepared, is a 
very active catalyst for 'bringing about the eombinltion of un¬ 
saturated organic acids with hydrogen.* > i 

I' H. AVright aiul K. ('. Smith, Tmns. f'hftn. 1683. 

*‘\V. J. fttcCuughoy, TmnH. .-tnllT. Ekctrvch\m.*i:>o<'. 15 (1009), o23 ; W. 
Mt'Caiighoy anU H. E. T .tmer, KUrtrochern. Soc. 17 (lOlO), 275. 

* For mothoil of preparing a fori > with high ufttalytic activitv see F. Fculgon, 
i/c?! 54 (10;>1), 360. ' , • ^ . 
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A* in the case of oilier catolyats wliich dejH'iid uiHui a surfaee- 
action, the activity of platinum is quickly destroyed hy the pn'sencc; 
of “'goisons.” Many of the innKirtant ‘ jaiiaonB” are volatile 
subttences, like the compounds of sulphur and arsenic, but it has 
also been found that the presence of non-volalile nu-tals prevenis 
the occlusion of gases, and hence destroys the catalytic activity. 
The afisorption of hydrogen by platimnu is Deduced by men' triu’ca 
of lead, the reduction being jiroportional to tin amount of l«ul 
present; mercury and zinc likewise a< t as poisons ' 

It is possib’e. by treating a platimnu catalyst with a carefully 
regulated quijntity of carbon disul|)hide. to render it incapable of 
catalysing certain reactions whilst still elfective in bringing alaml 
others.* 


Compounds 

Mo.st, of the coin])ounds of platinnni are derived from the two 
oxides PtC and I’tO,, both of which are known The two clasHcs 
of salts corresjxmd closely to tlm palladons and palladie salts : it. 
will be recollected that ))ialinnm falls just below palladium in the 
pefiodic table. A triovide, I’ttl,, is also known Intermediate 
o.\ides of platinum have been descrilied, as well as chlorides^ 
such as Ptfl, and PtCI ; but there seems no convincing reason 
to rqgard these as chemical individuals. 

* 9 * 

Compounds of Tetravalent PUitinuni {Platinic Com¬ 
pounds). 

When platinyrn is hoiitod in rlihuim* platinic 

chloride, PtCI*. is slowly prmhiccd It is more rMtsily prepartsi 
hy heating j>Iatini('hlorje luid {sen helotv) at Km'H' in a ciimM-.t 
of hydrogen <^torido for iifteen hours * It’ is a rfsl suhstancf*, 
having a yellow solution. Platini'' ehioridu eomhiiK's with ammonia 
in different projxirtions 1.0 fftrm ammines . the ^eries is of some 
interest, heeaus^* Werner* has used it in«<trder U) illustrate liis 
theory. The conduetivitv rises sU-adily iis the mimher of ammonia 
groups in the molecule increases, thus yi|‘lding HUpj>ort fo** tjm 
formul® assigned by Wemer to tlie ^^ompounds :— 

' fe. B. Tranfi. Cf^m. Sor. 117 |1H20), 1501 : 110 225; 

121 (1922), 1760. . 

*v. \fl0on A/ Hu»»on, Compirj^lti'ud. 175 (1922), 277. 

* L. W6hl©r and 8.<6lreichor, Her. 4o (iOl.*!). 1591. 

*W. PulUngor, Tran#. Chem. 61 (1692), 422. , • 

* A. Werner and«A. Miol&ti, Zeitttch. i'hy». Che*n. 14 (1894), 510. 
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Till! conipldx cliloridcs arc among the mont easily prepared 
compounds of platinum. If jdatinum is dissolved in iiqua regia, 
and the solution is ovajxirated with hydrochloric acid until all 
the liitric aoul is driven otf, the residu4! consists of hrown-red 
crystals of platinichloric acid, 2HCl.rtCl4, or HjrtCI,]; this 
Hid)stane(^ is sometimes known as platitde eldoi'ide. If potassium 
chloride is added to the solution, the less .soluble potassium salt, 
potassium platinichioride, 2K('I I’tCI,, cjr Kj[PtCI,], is deposited 
in reddish octahedra. This salt, although soluble to fhe extent of 
1-1 per cent, in water at 20 C., is almost in.sohdde in water con¬ 
taining alcohol, 'riu! solubility of the idatiniehlorides of' tike 
different alkali-metals varies with the atonde weightt thoae'’of 
Ciesium and rubidium being very sparingly soluble, whilst the 
platiidcldoride of sodium is freely soluble, fl’lie solutions have * 
.yellow colour, which is ascribed to the complex ion .[I'tCI,]". 

By precipitation of a solution of platiiuc ehloridf, or a complex 
chloride, by alkali, a hydrated oxide or hydroxide is obtained; 
the precipitate is apt to contain alkali, but this can largely bq 
avoided by working in the following way.* Plxc^ss of concen¬ 
trated sodium hydroxide is added to boiling ])latinic chloride. 

‘ This gives a yejlow' solution contaiidng sodium })latinate. It is 
then allowed to cool, .and is precipitated vvith acetje acid, the 
precipitate being washed by decantation. The prcxluet is almost 
wluttj at, first but bccyimes yellow on drying; when hedled at 
100° C. it !,pse.s part of the'combined water and becomes black, 
but it is impossible to e.xpcl the whole of the water vwithout cau{>ing 
decomposition. Thus the anhydrous oxide, PtO„' cannot be 
prepMcd'in that way. , • ' ' •-< 

Few platinuv salts of axy-acids are EnovAi. The sulphate, ' 

' Ij. Wohler. Zeilsch, dVaxy. Chem. 40 (1904,), 423. 
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Pt(SO,)„ has, however, been obtained as a brown mass from a 
solution of tho hydroxide in sulphuric acid. . 

TB^ sulphide, PtS„ can be prepared by precipitation. When 
hydrogen sulphide is bubbled through a solution of potassium 
platinichloride, a black precipitate of platiuic suifihide is formeil. 
At low tennieratures, it may absorb excess of hyilrogcj) sul])bide. 
forming a lighter-coloured acid siiljihide ; hut, if the iireeijiitation 
is carried out at this oeeun'enee is avoidi'd. 

Although most of the eomjih'x cyanides (iiroper) belong t.o the 
platinous series, certain complex ]ilatinie thio(;\anales are known. 
When, for iiistanee, a solution of potassfUm platinichloride is 
boiled wfth potassium thiocyanate, it becomes deep red and on 
cooling deposits red crystals of potassium pintinithiocyanatc, 
2KCNS.Vt{0N!S), or K...[l*t(f'NS),' . other ])latiuithioeyana(es are 
known, those of the heavy metals being insoluble 

B. Compounds of Divalent Platinum (Platinous Compounds). 

When platiuiehlorie .leid (Iljl’tCI,) is healed at 300 (' i(. losw 
hydrogen chloride and [lart of its chlorine, and yields platinous 
chloride, I’tf'l. . any letiiainnig plalnih lilorie aeid may afterwards 
!«• removed by washing with water .\s thus piepaod, iilatinous 
chloride is ti gri ' ii.giey or brown ]iowder, almost undissoUi'd by 
water, luit dl - .ihing in the presence of hydrochloric ludd I’latin- 
tius’ehloride eombines with anwnoiiia. giving ililTerent eoin])ounds 
aecorJlnf to the conditions under which the two bodies inliTiud.* 
»The diamniiye. which is known both in eis- and trails- forms, 



is yellow, whilst the tetranimine ^ 

• [l’t(NH,)r/'k, 

which IS olitained only in excess of amnionia, is usually colourless, 
although a ye|low moditie.dion has also been ■♦I'seribed. When, 
however, absolution of platiitous chloridi' 'It treated with ammonia, 
the D^in product is a gn en eempoiind having the same empirical 
composition ws the yellow dinmininiv TlHs is gemraih kisiwil as 
“ Magnus’ green salt,” and is readily separated^ fi'hrn the true 
• 

• I 

* Tlie varioua^mpirical uiothodH l>y diffon'Ut autluire lor isolating 

ihe ammuTf*K*arc (’oIKm-UhI u <iiii<*hii*Kraut’« tho 

p^uilibrium tho system Ptn,-N^3 conld bo '^rkod out, showing 

the PonditioiiH iinficr which tho diffcri^it ••«tnij»«juiid'< an* **1abl(*, the flubjoft 
could prol>abIy I|t exprt-wd quite simph. 
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ainmincH owing to its smaller soluliility in hot water; it is now 
generally regarded as a platinochloride, thus, 

. [Pt(NH3)JPtCl.. 

It will he notics'd that, as in the ammines of the divalent palla. 
(Hum salts^ the! co-ordination number is here four, not six. 

Various (simplex chlorides aro known. Potassium plitino- 
chloride, 2KCl.lJtCl2 or Kj[PtClJ, is obtained by the action of a 
reducing agent on the platinichloride, K8[PtCl,J. The most con¬ 
venient rislucing agent is cuprous chloride ; the rather insoluble 
potassium platinichkvidc is made into a paste with water, and 
cuprous chlorido also rather insoluble is added. SimAi the two 
insoluble substances interact to give soluble products, the paste 
gradually clarifies, and finally, after filtration, the clear liquid is 
evaporated, and deposits r(>d crystals of potassium platinochloride. 

Like cuprous chloride, platinous chloride can combine with 
carbon monoxide. When the chloride is heated in carbon monoxide 
at 2f)0‘'C,, yellow' needles with the composition 21’t(;L.3C() are 
obtained, along with other compounds. Platinous chloride also 
forms compounds, such as PtCL.PCl., and PtCl., 2Pt'lj, w’ith 
phosphorus trichloride. • 

By precipitating iilatinous chloride, or preferahly potassium 
platinocbloriih', with a caustic alkali, the black hydroxide is 
obtaiiu'd, although it is dillicult to wash fri'c from alkali. By 
caref\dly heating in air, it is said to he eonvi'rtcd to the grey anhv-* 
(Irons platinous oxide, PtO ; hut it is douhtfid whether tint whole 
of the water can be driven olT without causing (k'cc,imposition. , 

It is noteworthy that finely divided platimfin (pl.atinuii! blin k), 
Vhen exposed to the air, absorhs oxygen : the jiroduct'is sometimes 
considered to contain platinous oxide.' It undoubtedly jioiyie.sses 
powerful oxidi'/.ing ])roperties. 

'The sulphide, PtS. is formed as a black precipitate when 
hydrogen sulphide is bubbh'd through a solution of platinous 
chloride. 

There are vervi few oxy-saltA in the platiirms .series. When a 
solution of potassium platinochloride is treated with’'potassium 
bisidphite, yellow crystals of the double sulphite ^ 

' ' :&3Stx.Ptso3.2H,o •' ■ ' ■ 

appear. There Are also complex nitrites and complex cyanides, 
such as have been met with in the other metals. Potassium 
platjujinitrite, 2KNO; PtlNO,), or KcPt(NO.^),l. is ohtium'd by 

* L, 'Wohler, Brr. 36 (11)03), 3473. (Coinjwro also L. WOhlor and W. Frey, 
Zeit«ch.*'Elflctrochrm. 15 (1909), 129. 
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evaporating a 8t)lution containing potassiiiui plalinochloridc and 
potassium nitrit^j*; it forms (stlonrlcss monocimic crystals. 

Poligssiuni platinocyanidc, 

2KCN.Pt(CN),.3H,0 or llUjO, 

is fonued when spongy platinum dissolves in a solution of [toltissium 
cyanide. It is more easily produced hy adilmg jilatinous chloride 
to a solution of potassium cyanide. It crys'tallizt's out in rhombic 
prisms, which arc yidlow alien viewed bv transmitteii light, but 
the ftu’es show a blue metallic lustre by rellectcd light. Various 
other platinoeyanitles can be obtained, and arc rcmaikablo for the 
variety <ii ettlours reiiresentcd.' Tli(> copper salt is a green in¬ 
soluble substance obtained by iireciintarton . when treated with 
baryta-water, it gives the buriuni .salt which is yellow when viewed 
by light transmitted in one direction and green in the other. Hy 
interaction of the barium salt with inagnesiiini Miljiliatr*. mag¬ 
nesium platinocyanide is produced, tins is red when viewtal 
by transmitted light, but appears green by hgbl iclleeti'd fioiii the 
ends. 'Pile acid from which llicsi salts must be icgardcd as being 
derived, platinocyanic acid. H.,[l’t(t'N), , is obtained by the 
action of hydrogen snljiledc on the copper salt It can be isolated 
in well-fortiicd crvstnl.s by recrystallization from alcohol-ether. 
One hydratitis red by transmitted, blue by rellectcd light ; another 
is green by transmitted, golden by rellectcd light, 

• Smeral o! the platinocyanides exist in niori' than one form, and 
tilt- stiulyii’of such conipoiinils is very interesting if consiilered from 
the str'reo-ehemical .standjioint. 

Conyilex lliiwyai.ates also exist. Potassium platinothio- 
cyanate, 2K('NS.(('NS); or Kj[l’t((hNS),\ is formed as a red> 
I'rystalline )>rn'ipitafe when a solution of pot.issiuni thiocyanate 
and |9)tassium )ihitmochloride is e\a|)oratod and allowed to eool. 

f. C!!bmpuunAs of Hexavalent Platinum. 

Platinum trioxide, l’tO.„ is i btanied by tlie eb i trolytie oxida¬ 
tion of a solution ^if jilaliiiic li\«lioxide (Ptlljll),) in sislhmr 
hydroxide.■t The siiceess of.the preparation depends on keeping 
the solution cooled down to b C.. since tlie triovide Is verv nnstable 
and lifes oxy’gen at^room ti nipeiatnre. j’lalimnii eleofrixk'S are 
used, the iimaie and cathode eompartmeiits Is nig M j‘'.r'ted by a 
jioi^ius partition. The cathode eompartnieiit eoni ..ns 2Is sodium 
li'vdroxide, whilst the iiBodi- eomiiartmenl eorilaitis 2’'' Msbnm 

' L. Tms;. *7,1 w. ,sv„ 9.t (IttoH), l ltli; 101 losi : Tm-. 

f’ivnh. Phil. Sm. 14 {IDOT-Sl, V.!, t’TS. . • 

* L. tValiter, Zeitach. EUktrurhtm. Ilf (ItlOft), 7(t9. 
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hydroxide in which the platinic hydroxide has previously been 
dissolved. Alxiut 3'5 volts arc applied to the cell, and after current 
lias passed for some time, a golden layer appears on the aiwde; 
the layer soon p6clH off, yielding flakes which may bo Washed yith 
ice-water and dried. The product, which is yellowish-green when 
dried, contains hlkali in a quantity represented by the formula 
flPtOa.KjO. If washed with seminormal acetic acid, the \;olour 
changes to red-brown, and is then free from alkali; but in spite 
of careful cooling, it is difficult to avoid loss of oxygen, and the 
product usually contains rather less oxygen than i.s indicated by the 
formula PtO,. ' • ' 

At ordinary temperatiu'cs, loss of oxygen from platinum trioxide 
is very rapid at. tiAst, sifiid solutions having a composition inter¬ 
mediate between I’tO. and PtOj being formed ; the rate of decom¬ 
position slows down, however, and even after four wei-ks the product 
still contains more oxygen than is represented by the formula Pt().j. 

The trioxide is undissolved by dilute sulphune acid, but evolves 
chlorine when treated with hydrochloric acid 

Platinum as an Inert Electrode Material 

Platinum electrodes are Iri'iiiiently used in the laboratory for 
the eh'ctrolysis of ordinary solutions of salts in cases where in¬ 
soluble electrmles are demanded, as, for example, in the estimation 
of a metal by electro-deposition. Even when ii.scd as the arkidu, 
the platinum is practically unattacked, although il thv solut.fon 
contains a chloride a platinum anode undoubtedly does lose weight 
IKirceptibly on repealed use. The platiniiin anodi' is gejierall^ 
ttssumeil to take no part in the reaction, although tht.s.^as.siiinption 
is possibly inexact a matter which will be^consid^Tcd in further 
detail below. ‘ 

"Since platinum is, to all intents and purposes, an inert electiyrde-, 
material, the value of the ])olential at a platinum eletlriHle is deter¬ 
mined by two factors. 

(1) It is affi'ctpd by the. pre/tmee of hydroyeif or orygen dissolved 

in -or adsorbed upon-irtlie platinuip. These elftneiits may be 
impartial to the platinum by passing hydrogen or oxygen in gaseous 
form ever, the surface (;ys in the so-called “ hydrogen eloctriXJo ”) ; 
or they mtiy be produced updli the surface by preliminary cathodic 
—OB anodic- jie.larization. By.prebminary catlnslie freatment'^he 
potential at a platinum electrode inimerseilin acid may be depresswi 
below ,—0-1 volt, whilst by aipxlic treatment" it may be' raised 
above -i- PS volt. • ' 

(2) Jt is affw ted by the ehahtcler of the aolvtion in which the 
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. platinum is immersed, varying according as the solution u acid 
or alkaline, or aeeording as it possesses an oxidizhig or reducing 
ohan^ter. ■ ’ 

The fmpipymeiit o£ the siuldcn altciation of the potential at a 
platitium electrode in analysis has Ix'en discussed in tlhapter IX. 
Vol. I. It is not pro]) 08 ed to repeat at length what was said there, 
but it pray be recalled that the potential of a hydrogen-Haturated 
platinum electrode 

in acid is alHiiit . . ’ oi) volt, 

in neutral solution is about . ti t 

and in alkali is about ... , ' - o k 

• ” 

The sudA*n rhange of potential whk'Ii orcurs wluni iin iieid ia 
just neutralized with alkali, l an ho used (»? indicate flie ond-jioint 
in the titration of a^'ids by alkalis, undii* circuinstaiK os wluii' an 
ordinary indicator cannot he used 

Similarly, in the case of a platiiuiin eleoti'odf* free from hydrogen, 
the value of the potential depends mainly on the oxidizing or 
reducing chanuder of the solution. The ^xitentiai of platinum 
immersed in 

acidified pota.ssium diehromate is alKjut . i M2 volt, 
•acidihed ferrous sulphate is about . f 

This fact is use<l in the titialifin «>f dichromates hy ferrous salts, 
for the sudden <lrop in potmiti.d occurring at the point at \vhi<-h 
th^ di^'hronuile liccomes coinjilctely di‘.slro\<‘d a ch-ar indication 
of the end-point 

Wlien a picci* of platinum f'»il to )«• u.scd as a hydrogfui ehs-- 
twHie, it is foi^id necessary Ut co\*t it willi a dejMbsit of hlack 
amorphous pljiUnum Tins can hf‘ licpo.sitcd clcctrolytically from 
a bath containing ]>(t cent, of platinum chloride and a trace 
(0-02 per eent.) rtf lead*acetate. It is prohalile that the funetion 
of the platinum hlaxd is simply to increasi- llie activo area of thei 
electric. It swms r<‘asonaMe to suppoKi* that the elf'ctroinotive 
activity of the hydrogen electrode is flue to tliut portion of the 
hydrogen which is adsorbed on tln^ .M 4 rfiu‘e . if so, the greater the 
surface is made, ithe l?ss Ix'comes the dang^T thaf the eleetriKle 
may become appreciably unsaturated, whidi would causes the 
potential to depart from its profa r vuhe-. ^ , 

Similarl)'* the" eleetntdes of the ceils'iiKe(r for determllting Uie 
condi'ctivity of.liquids (compare ('lij^pU^r V, Vol. .ire tnualiy 
coatefl with Miwk platinuiy, as this increases the “ea])aci<jy ” of 
the e!ectr<i(ie ; thatfiikto say, it allows a, larger amount of eiirreriMo 
*|jas8 before the platinutn Ixcoim^ apfin-eialily ]H»larh<si through tlTo 
accumulation of hydrogen or oxygen^jn the I'hx tnMleH IVobi^bly, 
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if it were poHsible to ubc alternating current of very high frequency, 
it would make no difference whether black or bright electrodes 
were used* ; but for current of the ordinary frequency the increase 
of area caused by blackening is essential in order tts avoid 
polarization. 

Docs ^ Platinum Anode become Oxidized ? ^ Consider the 
electrolysis of an acjd solution of normal hydrion concentration 
in an electrolytic cell fitted with blacked platinum electrodes, to 
which a gradually increasing E.M.F. is applied. When the anodic 
potential exc<«ds 1’23 volts, the surface of the anode becomes 
supersaturated with oxygen. But owing to over-potential—no 



evolution of oxygen in biibliles will occur until the'potential exceeds 
jibout 1'50 volts ; and consequently , whilst the potential is lietwccn 
f 1'23 and 1-50 volts, no appreciable current will^nass, apafi, from 
a small current accounted for by the leakage of oxygen, not 
in bubble-form, through the material of the electrode. Above 
l-oO volt oxygen commences to be producut in bubbles, and the 
current rapidly rises (see Fig 3!>)' 

^ ' \V, ,t’ Taylor and Aens', J, dmrr, ('ht-m. Soc. 38 {titla),*'241.5, A 
rhffpront v-pw of tlio value of platinizing is advanced by H, F, Haworth, 
Tranit. Farudaii Soc. 16 {1(121), 381i, ^ 

'* F, Foerster, Zrit.vh. /’/i.i/.s. Clttm. 69 (1909), 2:!tl; K. Bennewitz, ifeilxh. 
l*hy». Cbem. 72 (1910), 202 ; H, lairoiiz and rl, laniber, Zeitsch. Zlektrochem. 

15 (11)08), 200 : H, Lonoiz and P, K, Spiehnann, Zritxh. 15 

(i 1109), 29,'t, 219 : E, P, Sriioeh, d, IVii/s Clum. 14 f 1910),'i0,'> ; P, F„ Spiel 
1110 , 111 , 7'niii.i. /‘(miifai/ .See 6 (1909), S.s ; (1. tirube, Zntxh. Klek-trvcht^i. 

16 ^910). 021 : U, Oruliv and B, Bulk, Zeitxh. KUktrychem. 24 (1918), 2't7. 
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If, after this stage has k'on reached, tlie ourreiU is stepped, and 
the anode is allowjad to stand in the solution, it retains for some , 
considerable time an elevated potential, since it is heavily charged 
with^jiygen* Gradually, however, this (Mcludtsl Rxygen diffuses 
aw'ay and the potential drops as indicated in l-’ig ttl It will Ih> 
noticed that, under the conditions to which the curve apji^ies, over 
sixty days are reipiired for the ixitential to.tlrop from i r) volt 
to 1-1 volt, , 

It dock not appear ever delinitely to Inue been dia iiled how far 
the oxygen-charge of the polarized electrode is adsoihed n]Hin the 
surface, and how far it is dissohed within the»(Tectrode, although 

this point i# of great importance. It is, Iiowcmt, probably the 

• * 



Fit 40.-^-Solf.dKSclmrKG of a Polaii/.otl BJack Platifumi Klc tnai.- (»n sUiiuliriK 
• • in Ai kI. 

• • 

• • 

nf oxygen existing upon flie siirfiu <■ whiuh (ifturiiiincH 
the valuf of the ])otential f'f flie olectroile at any moment 

n^' we perform a ex|KTinient with a cell tittod with a 

bright platinum (Hiode {not covered with [tiatinuiu black), the over- 
potential [h greater, and evolution >f oxygen in ImobleH not 
commence until an anodic jM)tf ntial <ifca!«ujt I*b7 \ylt ih reiwhed. 
According to ^ronz. wnen a jMfianzed cell of this sort is allowed 
gradually to discharge itself through a bigh n-sistance voltmet^T,* 
arreata oteur in the fall of the amwlie polcnyal at cert .urn valpicju 
(bco Fig. 4lj : if la conSidered by some ThemislH tliaf :rrents 

indioaie the exwtenee of definite oxkh’S of platinui^ withn (fr 
uport —the polHiiz(“d eh^i trode 

It is vcrjrrdouMful^w'iiPfher this if^the right inlerpretatkM ,a'j^ 

t* ’ • * • • 

* For details of methofl Hf*4' R. l,A»n*ri*, Zeii^rh Kl^ ktnnlu in. M (1908). 78^ ; 
R. Lorenz and E. La||}K*r. Zfitiirh. Elrl.tr<>rhtm 15 (1909). 207 ^ »* 

M.C.—VrtJ.. HI. • «' .» • 
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the whole matter requires to be reviewed afresh in the light of 
modem knowledge of adsorption, crystal-structure, and gas-diffusion , 
through solids, and with due regard to the criteria now adopted 
in the study of alloys for determining the presence of definftejnter- 
metallie compounds. All that can be said at the present time is 
than aq anodically polarized platinum electrode always possesses 
a considerable chargp of oxygen, and that its immunity from attack 
is probably in,part duo to this charge of oxygen; the state of a 
platinum electrode is comparable to that of passive iroft, but in 
platinum th(^ current density nee<led to produce passivity seems to 
b(! extremely small, possibly zero. The “ electromotively active ” 



Kio. 41.-' l)mclmrgD of a Polnri/i'd Bright' Vlutimmi I'dt'ctrooc' llirongh n 
■' Polan/atum-OjiKimoiin'tor " (Bon-iiy). 

oxygfii whiuh dfttTinincs tlio pottMiiiiil of the oloctmlo is probably 
tho part adsorlx'd on tho surfaoo, but a farther/.piaiitity exists in 
the interior, which servts as a reservoir" and lovps the surface^ 
* layer replenished. This oxyge^n oeeluded in th(‘ interior ny»y eyist 
as a solid solution of oxyjion in the metal, or ylvissihly as a solid 
solution of an oxide in the nudal.' or even (according to some writers) 
as a solid soli*tion of one ohide in anothef. 

’ I » 

Analysis of the Six Platinum Metals^ 

* Tho‘analysis of allfsix platinum metals iafeonvcr]iont[y ibiisidered 
in a single section. The ractals in the elemental state are dis- 

* In the view of tho present VTiter, there is probably i\o real di^irction 
between a solid solution of oxffgrn in a ibetal ” arid a ''solid solution of 
a(* Q"idV in tho metal"; there,no reason t-o suppose thft#*the "oxide 
molecules ’* hv^e any di8tin<;t existoncf) in thv* orvital-strfieture. 

^ Much useful information is jnvon by .F, N. Kriond, " Textbook of Inor* 
gtiVKo Cliemmtry ’’ (<*nftin). Vol. IX, I’art 1. tliapUif X. 
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tinguished by the manner in which they resist the action of acids 
and other corroBite agents, whilst in the eoinbined state their 
presenbe is generally revealed by the easy reduoiliility of the variovis 
compounds. “Nearly all the salts of the platiinmi nietiils hliuken 
when strongly heated. They can more ea.sily he ijHUiced to the 
elemental condition by means of a reducing agent. Mctullie zinc 
precipibltes the metals from a salt solution ii» a sjiongy or finely 
divided form, which is unchanged by hydnx hloric atii(*. Hydrazine 
hydrate added to a solution contaiiting a platimjm metal usually 
gives a black rtr yellow e<jloration, or a bhu U jjri<i|>ilate of the 
metal. • 

Theeasyriducibility of the pl.ilinuiii metah iiroyide.s a method of 
separating them from the les. noble metals, which are not reduct'd 
to the metallic state so readily 
The variety of colours repre.senteil among the eomjtounds 
of the different metals suggests various sniijile eoloui reaetions 
which may serve as tests ftir the different imdals ttnd enable us to 
distinguish one from another. .\i (ually, howiM r. the applieation 
of such te.sts usually depends ujion the metal being in a certain 
state of oxidation; moreorer, tin' tnelals ftirm eoiuplex salts of 
comixtrativc stability, whieit in some eases may not slniw all the 
reactions of the metal in qm'Stiou. With this warning we may 
procecrl to coifsider a fi’w of the more inqiortaiit ti'sts for the 
individual metal.' 

rtvinunt,,is deteeteil by means of jiotassiuiii iodide, which 
imparts a deep rose colour to a solution eontaining plalinie ehloride , 
ouk part of platinum in,two million <an be dcteilid bj’ this test, 
which is Rest r^arrii'd out in the pre.sence of a few drojis of acid. 
Salta of divalent platinum, on the other hand, give a black preeipitate 
with potaasiuiu iotfide. l^lladium in the palladous eondition is also 
ptccipitated by potassium if'didc, whilst tetra\alent iridium gives a 
y'cllfiw ^^oration# With stannous ehloride a platiinini salt, yields 
a blood-red or yellow solution, dm- to colloidal platinum protected 
by a tin compound: if the solu1ion,ih shaken witii ether, the 
coloration passes i»to tiTe ether. , 

Platinum can be distinguisheif from gold in that a )>latinic salt 
is not reduced by o.\ulic acid, a reagent wlinii^rcduces gold to the 

metallic statif. * * * ' 

Whett potassitup chloride is added t<; a coneentrated .tut. o of 
the tctAchloride of platinnm.a yellowish-rcd crystalline precip late 
of potassiuKi^latinieblaridi.. K,rtCU, lojiies down. Hut thi< doe* 
not, distinguish i^atil.t-*! with e^TtaiUl.y {rom the o.ber metals^; 

> The reactioiw of the six nirtals nr.- »h<a«. in lal.alar hirin f.v F. Myipjs 
BiKl A. Mazzpcehelll, Am,rrj Chim 89 (IDI4), 7, „ . 
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iridium, for instance, gives a black-red [uecipitate under the same 
conditions, and the other metals are precipitated by chlorides if , 
present in sullicient concentration. • 

Iridium can be distinguished from jdatinum in fl>e folWwing 
way. Sodiunitcarbonab' is added until the solution is just alkaline ; 
the liquid is heated to 1(K)'’C, c(]oled and treated with a little 
weakly alkaline sodium hy|)oehlorite, which j)roduees a df'cp blue 
])recipitate of the tetrahydroxide Ir(OH), ' 

Palladium in the divalent condition l an l)e distinguished from 
the other metals of^the group by the while ijn'i-ipifate of palladous 
(!yanide obtained by lulding merenric cyanide. A-iother reaction 
eharaeteristie of palladhim is the yellow precipitate prRdticed when 
dimethyl-glyoxime is added to an aciditied solution containing 
divalent palladium^, it will he remembered that nickel, which 
stands just above palladium in the ])erioilie table, gives a reddish 
precipitate with the same reagent. 

Osmium is detc'cteil by the odour of the excessively poisonous 
osmium tetroxide when a compound is heated with concentrated 
nitric acid A fairly delicate colour-reaction for osmium in 
the state of the tetroxide rlepends on warming the solution 
with excess (if thiocarhnmide, together with a little hvdroeldoric 
acid. A reddish coloration indicates the jiresenee pf osmium.' 

Ruthenium in the tetravalent condition gives a dark violet 
coloration on the addition of potassium thioevanale. none oWhe 
other live metals yield this violet tint, although trivib, r.t rhhdiuin 
and tetravalent platinum produce a yellow colour The action of 
hydrogen sulphide on rutiu'nimn salts produces a dark preci)inate 
and the lilt-rate has a blue colour When in tit"*metallic state, 
ruthenium can be detected by the ai^^icai oh fu.sial jiotassium 
hydroxide and nitrate green mass is produced, containing 
IHitassium ruthenate ; on dissolution in water, an laaiigifc Hilution 
is obtained, which yields a black or dark browif precipitate of the 
hydroxide when tre ated with an acid 

Rhodium ‘in the Knely'divided nietaflic stpte is attacki'd by 
fuseri ])otassium bisul[ihat(\ yielding a yellow ‘prodiiet which 
becomes red in contact w ith hydrochloric acid. 'I’liis reai^ion serve.s 
to dis^ljiguish it froiVi the other metals of the grou|i.^ liharnM-eristic 
yolour ehaqgi'S are also produced when the gases evolved from the 
action of hydrochloric acid ujsin jiofiussiuni ehlorat^ are pa-ssctl into 

‘'5''. Mylius and A. Mazzias'licUt, 2fil.w/i. Ahoti/. ('Lm. tlttflfllt), 14. 

■ M. Wuiidtr and V. Tliwringer. Annl.*H'hrtn. *52 (Itlld), ilO, tthtl. 

* L. Taclnlgactl. Comptm 167 (ltll,S). igt.V 

•*• y. Moiasan, " Clumu' iniiu-raU' ” (Maasiai). V 

« * 'a* 
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an alkaline solution of a rhodium salt, 'riie lii|uid Iktohu's 
vellow-red and afterwards re<l ; a gn'en preeipitate then ap|suirs, • 
which*mlissolves, giving a hlue licpiid ' ^ 

Trte separation of the platinum metals from one another 
is a somewhat tedious |iroeess. Xumerous meth*«ls ha\e iieen 
described." Where, as usually is (he ease, tlu’ mixt uri' to luAoudy.sed 
is a natural alloy eonsistiiig mainly of the .sfx metals, the actual 
dissolution of the alloy presents dillu'ulty, since irlloys ('(intaining 
much osmium and iridium will not be eom])let<ly soluble even in 
aqua regia. In .some ea.si-s it is coineinent to he.H with dry sodium 
chloride in a ♦urreiit of eliloriiie, a eoiideiising apparatus being 
provided to*previ‘nt the loss of volatile chlvride: In otlaa* ca-ses, 

(he allov can be ignited vvitii a fused mixture of nitre and sodmm 
hvtiro.xide, or with sodium peroxidv' and sodiimi hvdroxide ‘ 
.Assuming the lilst nll■thod to have been .idopted. the metals are 
transformed into idilorides both tixed and vol.itile portions ate 
treated with water eoiitanimg a little hvdiochiniic acid, and the 
.solution IS then iicaily neiiti.ih/.cd with .sodiinii caihonate and 
brought near to the boiling point . then sodiuia nitriti- is added 
until the SI ) lutioii IS ne.irly neutral to htiiiiis . and hnallv a further 
qiiaiftlty of sodiiini earhonal,- .\fter boding for a few minutes, the 
Inpiid is filtered During tin neutralization pioeess. any base 
metals (iron. 1*.id siivei. zme, 1 ni. eo|iper bisnmth, etc ) whieh may 
1 h‘ lirejeut are po eijiitated as hvdioxides or carbonates, and gold is 
precipitated ,in the niel.dhe iomhtion. whilst the platmimi metals 
remain in solution as eoiujilex nitiitis of leinaikable stability (oi 
ilk‘tie ease of i»uniuni,as a eoniplex i blonde) 

1 he firkt stij) in the separation is to distil away tlie osiniuiii and , 
rutheiiiimi. which have volatile lelroxides I he solution Is made 
alkaline #1 itli soitlum hvtlroxide and mtiodmeil into a still litted 

with ground joints, aiid'i., wan. 1, whilst a eiirient of ehlorme gas ,■ 

i.si)as,sfflthroiigl* Tin . i ,imes off (he tetioxidesof the (wo metals, 
which are eondeii.sed in ,i reeeivei coiitaiMng liydioeldone acid and 
cooled in k. On r. di.-tilhng the di,-‘yiate this time from an acid 
solution, onlv th(> ysiniufn lonies ovei as tetio.vjde. whilst praetieally 


> f ,Alvare/„ C.eioa- /,'oe/ HO (It*'-.), fn 

Mlesir,^,, a, In^h m S.i^W io 

MM,'bie<ta) ... r/.os .V, SH iV.m,, X (Ui. 

methoo IH given t.« M VViin.lei amt \ I *inng.-,. 

(19IS), 740, and i ■.ell.e, l.v ,i, W.Melln,-, ■7 o-alis.' on yiau.lilnlive In ,gen.e 

If'a'imv.’^nHe <ae •< ori.e tre.iO'l, u .t, tiesi o. ■ enllm t " llic 

i?v.mavnsofu.H.iamiii.enAoeu|.eiii*iea.ii,ut. 

to lx- de»cr.t»-<i ni llie assav ot sitv.-i ' •■orfu"h‘-'' 

details sec C, W, UaviA.'fi'e'D't' / a;io, 270 (102U . 
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all the ruthenium remains fixed as a complex chloride. The con- 
demmg sysUMti in the second distillation consists of three flasks in 
setjes, the first filled with hydrochloric acid, the others with sodium 
hydroxide. The first flask may receive a little ruthenium, well 
as osmium, aijd requires subsequently to be returned to the still 
and treiited again. Thus a separation of ruthenium and osmium, 
not only from the other metals, but also from each other, is '(wssiblc 

The solution,containing the four non-volatile metals, left on*the 
first distillation, is acidified and boiled; sodium nitrite is added 
until the solutioq, is neutral. The solution is alloyed to cool and 
ammonium ohlorid*' is added, which causes the precipitation of 
iridium and rhorjium as complex nitrites of the typi 

‘ [M(N()d,](NH.)„ 

which ar<^ insoluble in ammonium chlorirhc 'I'he precipitate is 
filtered off, and evaporated with hot aqua regia several times, 
which converts both metals to chlorides. After evaporation to 
remove a(|ua regia, the residue is dissolved in cold water, and 
ammonium chloride added. This precipitates thc^ iridium as 
(NH,)j[lrCI,|, hut the rhodium, which remains in the trivulent 
state, notwithstanding the eva|)oratiou with aqua regia, i,s not 
precipitated. 'Pirns the separation of rhodium and iridium from 
one another- and from the other metals- is rendered possible. 

The solution containing palladium and ]>latinum is evaporated 
with hydrochloric acid to convert nitrites to chlorides, ‘anti is 
reduced with hydrogen so as to yield palladium and pllbdnum in the 
black metallic state. They are then redissolved in aqua regia, and 
thus a solution free from any aecuinidation of sodjuin salts is 
obtained ■ ' 

The palladium is reduced to the pallarfous state by means of a 
current of tutrogeu peroxide, and by adding ammonium chloride 
it is possible to precipitate the platinum a.s ammoniunkplatini- 
ehloride, l’t('l,i], whilst leaving the palladium in solution. 

In this way, the separation of the six metals can Ije arrived at. 
For details th* ])a))ers referrfcd to should beronsulted. In each case, 
it is lie-st to reduce the metal—affiir separation front the others— 
to the elementary state, and te weigh it in that condition. 

' It oVjly iridium ai.d plijtimim have to Jte sepiyate^, 5t may be 
eonveitiei't to precijiitate them both as complex chlorides of the 
tyite KjlMt^l,], and treat the mixture with hot'potassiumlnitrite 
solution, which reduces the iridium to 4 fairly solubW green trivalent 
»si«n^und, whilst the platiKum roinaips "as tho^alrnost insoluble 
tetravalent .compound. 'The treatment must bo rcjrcated until the 
Botiqn of potassium nitrite gives no further gisen colour. 
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The quantitative separation of platinum from gold is a matter of 
some small importance. Most processes depend on tlic fact that, 
of the two metals, gold is the more easily reduced to the motallio 
statq. *A Sk-lution of ferrous sulphate added to In acid solution 
containing both metals as chlorides causes complete iiiveipitufioii 
of the gold, but leaves the platinum in solution. ‘Another rather 
quicker method ‘ involves tho use of hydrogen peroxide in alkaline 
solution as reducing agent. Rwently it has biX'u,eho«n that tho 
separation of the metals may bo brought about eleetrolytieallv.’ 
Tho metals are as.sumed to be present as chlorides in a slightly acid 
solution, and sodium acetate is added oj redair the acidity. By 
electrolysii* af a comparatively low E.M.F. (d ” volt) tho gold 
is completely preeijiitated as metal on ti platinum dish which 
serves as cathode ; a rotainig platinum dish series as anode', and 
during the electrolysis the temperature is gradually raised to 
50°-(it) .Vfteniards, the platinum may he dcjiosited separately 
by electrolysis at a slightly higher E.M.F. (I-,-) volt). 

Tkiuikstki\ i. OcerunnM K or tiii; Six l’i..iTi'n M Mkt.ii.s 

(ruthenium, rhodium, palladium; osmium, iridiiim, plaliiium)“ 

« 

The six platinum metals usually tKuur to^t'thrr in niitun*, and it 
is convenioni to conHidor thoir ^<‘o-i‘lu‘mi>try in a Mtij^lc article. 
They oeeur oniv ii\ the very minutest trnei* in roek-mapna, hut, in 
» felt places, have separated out in ap]>reeiahle quantities in the 
ultfji'ha > *p"t'l*t)ns of intrusive masse.s 'I’he platinum metals an' 
iisimlly assfieiated with the mineral < hromiti- In view of tho 

noble," eharaeler of the metals, it is not surpi’isjug that they 
occur in the«fh‘men1nry eoinlition in the roek-mass. • 

In the Ural yonntai^", ultra-hasie j^meous rocks, mj< h ns duniti' 
and KeT}M'ntine, which lontain e<»ns.<lerahk amounts of chromite, 

* i^Uo^l§iitain small fn‘ain> of platinnm-allny.s, sparsely disM'ininatert 
in tho nwk-mafk These rocks have m every case nnderi(oiH^ much 
disintegration through wi-atherin^. and a largf* amount of material 
has Imwii removed—ii^id is still being removed l^v the agency of 
miming water ;• thus grains platinum t^id their way into tho 
streams which Ilow' from the niiofintains. 

Novv*of all yio Misj^'iided particles carrje^ down bv th‘) str'ame, 
the platinunnmeUil grains are by far tlie heaviest, ar 1 vhea^ will U) 
dropped—alon^ with the coarser ■ui<l-parliel<*K“ soon us 
velocity of ^he current if# seriously reduced. In this wa., jilaeer 

• * L. Vt*mno ii*d L. Seoiaann.*V^cr.,32 (IHOtt), 

•W. D. Troftdwell, He.trCfum A<uj, 4 < 11121), .m 
» J. F. K«np, U. kS’. .S'wrtL Bull 193 (1902). |l. 
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dopositH, containing a sufficient content of precious metals to be of 
industrial importance, have been formed. A certain amount of 
platinum is also found in the dctrital deposits left on the site of the 
eroded igneous‘rock. • * , 

The composition of the heavy grains of platinum alloys varies 
very much, ovfin within the Ural Mountain region. Often they 
contain '/H -85 jicr cent, of platinum, with much smaller ammints of 
the other five metals, and a considerable amount of iron (2-1,') fer 
cent.). In many places, however, grains are found consisting 
essentially of an alloy of iridium and platinum, the former usually 
predominating, whilst in Others we find an alloy of iridium and 
osmium ; tracs's of the other three metals usually occu^ in most of 
the alloys, and solnetirfics tlu^y become imi)ortant constituents. 

Very similar sands and gravels are found in numerous streams in 
the States west of the Itocky Mountains, in British Columbia, Oregon, 
ai\(l California; here also the platinum is often associated, in the 
original basic igneous rock, with chromite, and occasionally nuggets 
(iontaining platinum, chromite, and sometimes olivim^ are found 
in the gravels. Some of the deposits contain more gold than 
|)latimim, and owe their economic importance maiidy to the first- 
named metal. The black sands of tin; Pacilic (loast ‘ contain 
])lalinum, iridium, and osmium derived from jieridotitc and similar 
ultra-basic rocks existing in the mountains. • 

Another district, which in 1917 became the main source of the 
world’s platinum supply, is the Choco District of the Ropublio «f 
Columbia. Here also placer deposits are found, mahi-ly on'the 
San .luan River (which flows into the Pacific Ocean south of Panan^ 
and its tributaries ; Isith chromite and gold nre common associate 

• of the platinum. • ' 

In addition, platinum occurs in the ores ojother ijjetals associated 
with ultra-basic rocks. The ores of Sudbury (Canada), consisting 
tnainly of sulphides and arsenides of iron, nickel, and copper, (gyntaiiii'^ 
small amounts of an arsenide of platinum known*'as 

Spi'rrylite .... Pt.4B2. 

f * V 

Ontario has now beemne one of thq, most import'ant.producers of 
platinum, and also of palhubbip. In addition a groat deal of 
plathvunyand palladiujin has been obtained ffom gold-copp^ mines 
in Nevada. As a matter of fact, most gold ores and many copper 
ami silver ores contain small traces of platinum. ‘ 

Palladium also occ\ir8 with gold in certain ores in Minas Geraes, 

* ^ D. T. Day/iml K. H. RK*han.lH» .s’. Oral. Surv. Bull. 2H5 (1905), 
160 ... ‘ 
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^iJiKcHNOLOOY AND USES OF THE: SiX Pl-ATINUM Mf.TALS 

Intl913 most of the world’s supply of platinum came from the* * 
Ura^i'but oven before the outbreak of war, production had l)?gun 
to decline, and it is probable that the Russian supplies would in any 
case have failed in a few decades. The unsettK'd condition of 
Russiatwhich followed the war almost brought the platimfln-hiining 
influstry to a standstill, although o[K'ratio*ns have now rcconi- 
mencedr.* During the war a very consi<lerahlo shoHage of platinum 
had arisen in Western Europe and America, and great cllorts were 
made to develop to the full the (lolumhicn depc^sfts ; the Columbian 
output ac<j)rAngly became very large, amoun t of platinum 
obtained fro m rhn Ontario ni c kel ores is alto, as state d nhove, veay 
c onsiderahle. 

The preliminary treatment of placer deposits cont aining j'pit.immi 
is essentially similar to~tTiat of iiold deposits (sec Vol. IV). Th(! 


separation of the metallic grams from the worthless minerals is based 
upon the higher specilic gravity of the former. In many of the 
rivers, dredges are at work, very .“imilar to those used for gold¬ 
dredging. The.se dredges seno|) up the sand and gravel from the 
hed^of the stream in buckets attached to a continuous moving belt ; 
the buckets deliver it lai to tables, where the heavier particles are 
retained ; thg lighter and worthless portions are thrown hack into 
the river, preferably well to the stern of the vessel, bo ns not to he 
BBonpi'd ii]! a second time. Where the deposits occur above, the 
prettent v ter-level, the gravel must he washed to separate the 
precious constituents. The sluices or riflle boxes used are similar 
fo'tliost^ e.mplo'yed in rvashing gold. In many jilaces, esiiecially in 
Rus.sia,^ quit* primitive methods havi' survived. The coarse gravel , 
is separated on^ scree n, w hilst the sus|iension o f-lin nr material in 
wvter i# made t o flow ilown an inclined plane, the bottom co nsisting 

ich wire nett ini; is laiil . 'I’lie heavy particles get 


■KSSuBBB 


lornieu hetween tliej 


whilst the wort hless light matiTial s s wept away. Refore the war, 
80 per cent, of the Russian platinunmuitput was obtained by hand 
labour, whilst orlly 20 per cent, was obtained by dredging. At the 
end of the war, none of the Russtmi dredges were wi'rking.’ 

In .the Uniti'd States and in other places, where the othyr l'."av,v 
minerals occurring in tf!e “ black sands •’ arc comparati’ cly inagnctic 
subs^nces. lik» magnetite, chromite garnet, and r,>.mazite. mag¬ 
netic 8e]>nrat 'on has been used for the final stage of concentration. 

• * * • . 

• ‘Mel, Chem^Kn^. 26 (1!I2J;, lift. 

* L. Iy*rrpt. Tm.ift. InM. A/ni. Met. 21 (Itlll-I^). 1(47 
”,J. M. Hill, Kiiij- Win. 10* (19l«). 131. 
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Tho crude metals obtained by washing are sent to the refining 
centres. Before the war most of the Russian pla);inum was refined 
‘ in this country, as well as the relatively small supplies fromdndia 
ancf Australia, and a considerable fraction of tho Colwmbitin and 
Canadian output. The Columbian supplies are now largely refined 
in the United States, whilst part at least of the platinum occurring 
in the Chnadian nickel ores id worked up in that countiy.^ A 
certain amount of platinum is obtained as a by-product at mtftiy 
gold, silver, amfcopper refineries in different parts of thcfworld; 
the ('xtraction of platinum from nickel ores was discussed on 
page 180. , » 

Tho crude platinum rcxx'ived in granules at the* rtjHnery con¬ 
tains the metals In widely varying prt>porti(ms according to the 
source from which it comes. Moreover, even tho grains obtained 
from a single <lcposit aro not all of the same kind. Often two 
different kinds of imdallic grains can bo distinguished: 

(1) Dull grains of crude platinum containing 15-10 per cent, of 
iron, a little copper and gold, small amounts of iridium, palladium, 
aiul rhodium, and still smaller traces of osmium and ruthenium. 

(2) Brighter grains of iridium-osmium, consisting mainly of 

iridium (.5.5 per cent.) and osmium (00—10 jier cent.), tho rcmaUidcr 
consisting of platinum, rhodium, ruthenium, and sometimes 
palladium. • 

Extraction of Platinum Ores. The two kinds of^grain 
just mentioned diller in their behaviour towards aqua^-egia. ,1’fio 
crude platinum is completely dissolved by that reagenT| whcrciis 
tho iridium-osmium remains undi.ssolved. Thus tho treatment of. a 
sample with acpia regia yields a rough separation of the. tft'O kinds 
* of grains, where they occur mixed together. The solution and the 
undissolved re,sidui^ are treated separately.* * t 

(1) The solution which contains chiefly [ilatinum, but also iron, 
copper, gold, iridium, pallarlium, and rhodium, ij cvaporiWfd to 
dryness, yielding the chlorides of tln^ metals. It is heated to 
. 12.5“ ■1,50'' and in this way tho palladium and moat of the iridium 
are converted It) a lower ehforide ; platinufii re.nyiins as the tetra- 
ehk)rido. 'I’he mass Is then dissolved in water contfdning a little 
hydrochloric acid, and ammonium chloride is added. A li^ge pMf) 
(ff file 'iilatinum is tprecipitated as ammonium •plattnichroride, 
(NHjljPtCJj; the other metals, being in a lower state of oxidation, 
will remain, for the most part, in solution. On further^oncentAtion 
of the solution, however, iridium is also depo^ited.as a^opble salt. 
T3 i6 fmnainin^ precious elements are the'^ precipitated in the 

* Con. Mtnes Deft., No. 547 (1921), 5^, 
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metallic state by means of iron. The residue is again dissolved in 
aqua regia, and, after the addition of ammonium chloride, is 
agaift fractionally crystallized in order to separate platinum and* 
iric^ufti. Ilho palladium and rhodium remain in the mother-liquor ; 
the former can be precipitated from an ammoniacal solution, as the 
sparingly soluble ammino, PdlNHjloClj. . * 

If si complete separation of plafinum and iridium is desired, the 
vVious fractions of double chlorides must be rocrystallized several 
times.' But often there is no object in preparing a platinum salt 
free from iridium, becau.se an alloy of platinum containing at least 
2 per cent, of iridium is actually used for man/ tt'chnical purposes. 
The doubjp salts can be reduced to the metallic condition by heating, 
a black spongy metal being obtained. * 

(2) The undissolved residue {osmiridinm), which inchides 
any heavy re.sidual mineral matter (such as chromite), is heated 
strongly in an air-.stream. Osmium and ruthenium, which have 
stable volatile tetroxidcs, are attacked, and the oxides of these 
metals distil forward. The oxides condense in the cooler parts of 
the tube, but as the tetroxi<le of ruthenium is unstable it decomposes, 
depositing the dioxide on the tube imudi closer to the heated portion 
of the vessel than the point where the tetroxide of osmium condenses. 
The oxides are subsequently reduced to the metallic condition. 
The danger of poisoning by the volatile tetroxide is a matter 
deserving notice * 

• The iridium, still containing some ruthenium which luis escaped 
ox'datMii by the air-stream, has next to be brought into solution. 
The residue is mixed with salt and heated in a current of chlorine ; 
tliis vigorous treatment converts the iridium to sodium iridium 
chloride and ehi! ruthenium to the analogous body. On extructiow 
of the ma.ss with watej, the pure iridium salt may be ol)taincd by 

^ crystallization. 

• Treatqaent of Platinum Ores. A ditferent way of treating 

the crude ores is to mix them with galena (lead sulphide) and scrap 
iron, together wi(h borax and glass, which function as fluxes. Th^ 
iron reacts with the galena produeifig molten lead, which acts as a 
“ collector, ' dissolving the. platinum dispersed throughout the 
mass ; the le.id can be run out into moulds, and is afterwards 
“ capellc*! ” '(that ist exiiosed in the^molttn state to ai» rxidizlng 
blast). Th(' lead is thus oxidized, and the platinum metids remain 
behind. ’ « < • 

Most oj tlie^osmjpidium remains undissolved by the molten lead, 
but it, can lie recovered by heatkig' the residue with zina'unS'jr a 
* • “ ' . 

* R. A. Cooper, J. Chetn, Met Afyi. Soc. 6'. Africa^ 22 (1922), lt2. 
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covering of ammonium chloride. Molten zinc dissolves even the. 
osmimn and iridium. After cooling, the zinc can be dissolved in 
acid^ leaving osmium and iridium as a dark sponge. * 

Various modilfcations of the two processes just given #re possiWe, 
and th(! details of the method will vary with the nature of the 
(>rodnet to Ik^ freated. p’or the treatment of ores, wet methods 
are often preferred t,o dry methods'; hut for the recovery of 
platinum from precious metal scrap, use is frequently made of 
molten lead as a collector. * 

Consolidation (jf Platinum Metals. In order to bring the 
jiowdery or spongy ilietals obtained by reduction inti, the compact 
form, the powder isj)reased into a coherent mass in a metJl cylinder, 
and the mass is then su^qected to strong heating. In the ca.so of 
platinum, it is not absolutely necessary to melt the metal, as it can 
b(^ welded into the eonqiact form below the melting-point But, in 
practice, it has iK'Come usual to bring the metals to fusion by means 
of the o.xy-hydrogen blowpijM!. 

As a matter of facd, a considerable pnqiortion of the plalinum 
which arrives at the retinery does not come from ttu^ mining districts, 
but consists of "scrap” from the jewel .and dental industries, 
(ogether with miscellaneous platinum articles which have lieeitme 
damaged, and are sold for remelting.' At the termination of the 
war, a great deal of jdatinum from dismantled munifion factories 
also passed back into the hands of the refim-rs. 

» * 

Uses of the Platinum Metals. Of the si.x platinum metals, 
two, rhodium and ruthenium, oec\ir in such a small amount as 
to Im‘ of little imporbuiee. A rhodium-platinum alloy is, however,* 
u.sed in the eonstruetion of thermo-eouiiles for i)yroinetric' purpn.sea 
and rhodium in-ueibles art' said to have been manufactured. 
Palladium is less tioble than the other metflls, but*pall.adiutn-gold 
iijloys have Ix'cir used as a substitute for jilatinum. They are * 
eifiploycMl in dentistry ami also in jewellery. On«,ie(K)unt of its 
power of absorbing hydrogen, palloilitim is an effective catalyst in 
•the hydrogenization of oils anc^ fats. It has been used in the place 
of nickel for that* purpose it\ Cenuany, and has the great advantage 
that it allows hydrogenization to.takc* place at a considerably lower 
temperature than nickel, 80° C. iiustead of 180° U. : this is (rf great 
practical hnportanee, bfcausotlui valuable " fitamin^'s,’ V'hich are 
almpst entirely,d<'8troyed by t\|eatment at 180° C., If) some extent 
escape destruction at ^)° C.“ Silver artkjes are somet^es elecfrt)- 
))latiHl with palladium, which is not darkenecl foy'esposnre.to sul- 

'Chfiif. Kmi. 16 • ' ' 

“.I. l>. Dniilop, r. S. Ufot. Surr, ,1/m. /?. v. (19111), 44. 

•* J. DrununoiKl, Chrt))^ Aijt, 5 (1921), 550? 
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phuretted hydrogen ; pallarliura is, for the same reason, sometinn's 
used instead of silvering " on glass in seientitie instruments. 

• • 

Ostpiuin and iridium are ehiefly nsul in alloys with plntiiunn : 
sue* alloys are generally less attaeked hy eheinienls than pure 
platinum. Osmium, which has an umi.sually higli melting.^mint, 
was eijiployod for a short time aa a material for the liViments of 
electric lamps, but it is inferior to tungsten^ quite ajiart from its 
costliness. Iridium, or an osmium-iridium alloy, > used for tipping 
the gold nibs of fountain pens. 

Platinum itself is technically the n.ost inyltirtant metal of the 
group. Sjpc! it combines a high melting-point with great ri'sistanee 
towards attack by reagents- whether m-iiUor aflialine its value, in 
the manufacture of chemical apjiaratu.s is very great. In addition, 
the great malleability and ductility, and the jiossihility of welding 
the metal, render it easy to work. Often allo\ s with 2 20 per cent, 
iridium, which are more resistant to corrosive agcneie.s than jiuro 
platinum, are used ; hut for work at high tenqieratiires, pure 
platinum is generally considered more satisfactory. Dishes and 
crucibles of jilatinum scarcely alter in weight with use, and are very 
suitable for quantitative analysis. Care must he taken, however, 
not to heat metals of low melting-point, such as lead, zinc, or tin, 
in platinura.vessels, since these metals alloy with the platinum and 
so would destroy the vessels. For many purposes tluTC is pnwtieally 
«io Substitute for platinum, although in certain circumstances 
tafttalu® rcssc'ls, and in other circumslances fused silica ware, can 
)‘e used in ])laee of |)latinum a])])aratus. 

* * I’latjnum iS more «\ntable as an anode material than any other 
substanee, wet being anodieally nttaekeil in orilinary salt solutiona. 
In a chloride si^lution a^])Ure jdatinum anode is peree))tibly corroded, 
but jflatinum-iridium anodes are (|uite satisfactory. In the early 
* wdajjgyf eleetro-ehemieal industry, when ])latinum waseomparativt^y 
eheaj), platimrtu electrodes were commonly enq)loyed. Now, owing 
to the increased ju ice of platinun' they are only used in e.'iccptional 
cases, having been jeplaccd. wheiwvi r |)o,s8ible.^by clectrodeB of 
carbon or .'^ehfson graiihite. In elerdrotethnies, platinum is very 
valuable, sinec^ it is not oxiifizqjl'by air at the temjieriituro of the 
clectr> sjtark^; in the contact-ixunts of magnetos, the arpiaUtretj of 
chictric bells'and of induction-coils,‘as widl as in ‘elegrnph keys, 
th<} employment of [ilatinum is to J)e desired, alth»ugh substitades 
(lungsten, xiolylNlcnum,*n<l numerous alloys containing chromium, 
nickel," cdlialt,' etcf).are now used. • , t 

Closely eonnecteif with thg non-cori«Mling prope»ties of pla^iihim 
comes its use fgr surgical instruments. The sraalfer weights tistsl 
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in the chemical balance-room are—for the most accurate purposes— 
made of platinum. , 

Clearly, in certain cases, articles made of a cheap metal entered 
with platinum would prove of value. It is not very ea^jy to bl^ain 
an adherent coating of platinum on a base metal by electrical 
deposition, and,''for at least one industrial purpose, it is customary 
to apply the platinum covering by purely mechanical meansv The 
difficulties met with in the electrical deposition of platinum afe 
connected with tno fact that a freshly deposited film of platinum 
is always in a state of tension—a state of affairs which is usually 
ascribed to the hydlogcn ocfcluded by the metal; on accoiint of this 
tension, the deposit readily comes peeling off in a tight rq/1. Under 
certain conditions, nowever, this can be avoitled ; as in the case of 
nickel-plating, the most adherent deposits appear to be obtained 
from a warm bath. The adhesion depends on the nature of the 
base metal, and it is sometimes advisable to apply a coat of copper 
or of gold, and then to deposit the platiinmi upon that. 

As in the case of nickel-plating, the bath tends to become alkaline 
during deposition, and when this occurs the deposit is liable to 
become black and spongy. The use of a weak acid in the bath has 
suggested itself, and a .hot plating bath containing potassiijm 
platinichloride and citric acid is said to give good results.* The 
current density must bo kept rather high ; if too low, the plating, 
although brighter, is apt to be non-adherent. 

Platinum plating is used by the makers of chemical balances in> 
Glermany; the details of the process employed do not'arpear ’to 
have been made public. 

Another use of platinum is connected with the fact that it po.ssesses 
t coefficient of expansion similar to that of glass, and can thus be 
“ scaled through glass.” None of the chei^p metals are so satis¬ 
factory for the purpose, and until comparatively recently jdatinum 
was considered the only material suitable where a wire has ta^'^ias 
through glass, e.g. for the wires conveying the current Yo the filament 
of an electric lamp. Iron * approaches most closely to platinum as 
reganls the “ coefficient of expansion,” but H is very difficult to 
make a satisfactory scaling of iron and glass, esjxfcially since the 
iron is likely to become oxidized if heated. Now, however, an alloy 
of 'ror_ wiyi 4G per cent.^of nickel and about 0-l,5 per cent, of carbon 
is extensively used for the purpose ; this material has practically 

* W. J. McCauRhey, Trans, Amer. Klrctrochsm. Soc. 15 (1909), 523 ; W. 
McCaughoy ami H. E. Patten, Trans. Amer. Ehvtrorhrm. Eoc. 1/ (1910), 275. 
Other l>t>th.r are given by O. Langbein, ” Electro d^posifion bt Metals," 
trat,slatiun by \V. T. Brannt (Beird).'’ 

'11..t. S. Rand.Ptim. S’etvs. 102(1910). 1 (Ml. described n devieo for making 
an uir-Ught joint of iron through gloss. 
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the same coefficient of expansion as glass, and can b<“ drawn into wire 
which can then be coated with copper. Such copper-coated wire 
can Ite sealed through glass without undue tronlilc, and is extensivelj' 
use^ ih thc»electrical industry.‘ • 

It happens also that platinum has the same coefficient of expansion 
as the material used in the making of artificial tTeth. This fact 
accouifts in part for the very large (piantit^ of platinum used in 
dfiitistry. 

A la^e projiortion of the platinum ^iroduced is used foi' jcw('llcry. 
Jeweller's platinum usually contains about 10 per cent, of iridium, 
which renders it harder. Since platinum inw*no special artistic 
merit, it i^robable that the chief attraction of platinum is actually 
the rarity of the metal. If this sonunvhat iSnforlunate fashion were 
to disappear, a great deal of platinum uoulil be liberated for more 
important puipoae.s. 

Platinum as an Industrial Catalyst 

The Contact Process of Making Sulphuric Acid. An 
important use of platinum m chemical industry is due to the fact 
that it facilitates the combination of sulphui- dioxide and oxygen 
according to the reaction 

• 2SO, + (>2 - 2S();,. 

the “ contact process ” oi making sul))hnric acid, sulphur 
dioxide misfed with air is passed over finely divided platinum ; 
combustion takcsplacc, and the sulphur trioxidc formed is afterwards 
nliowed to combine ^illi the rcipiisite amount of water, yielding 
sulphunc’aejd, Aarious precautions ha\c to be observed. The 
sulphur dioxide nnisl be rendered perfectly free from dust, and 
from swell implirities ife arsenic comjiounds, since otherwise the 
c.platinum catalyst will !..• ‘‘poisoned,” and will become ineffectual, 
Anf)?Ii?r factoMW'liicli reipnres careful attention is the teinjieratuR'. 
If the temperature be too low, the rea'dion will only occur very 
slowly. If it is too high, the ehjpige can never become even -* 
approximately complete. For the eipiilibr^um ’ 

2S(). 4 yt2,SO„ 

shifts vflth.the.tempciaturc : as usual, a risp of tempeiatpic t.Hcrs 
the equilibrium m a sense unfavourabfe, to the exotlic. qiic reaction 

■ 2802 + 0 , 4280 ,. 

An intermediate lewperature must therefore be chosen, gind ^t is 

I • » ' V « 

'* U ♦ # 

‘ A. D. Luinl), '* 'Hio Platimiin ATotalH " (linptTiHl InstitnJji MoiioRrafiliH), 3 
page li ; K. Am<k, iClektruttcli. 42 (1021), 315. 1 * 
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found that the best temperature to maintain in the apparatus is 
about 4lK)M25'' C. 

I’hc sulplmr dioxide needed for the process is obtained by burning, 
in excess of aiiy pyrites, or some other natural sulphide, SucjJi as 
zinc t)l(!nde ; in many American plants, sulphur itself is used. The 
mixture of sulpBur dioxide and air produciid passes to the cleaning 
])lant, wh‘er(! the gases are freed' from dust-particles, then cooled to 
100° C., scrubbed first with water, afterwards with dilute sulphiifio 
acid, and finally (filed by means of conc(mtratcd sulplntfic acid. 
When (pfite clean, they can be admitted to the contact tubes, which 
are filled with tlu' catalyst. Since much heat is evolved in the 



combination of sulphur dioxide and air, the temperature would 
certainly rise above 4(M)° C. .in places, unl.yss some means were 
taken to prevent it, • In some plants, the, prhiciple of “ heat 
exchange ” suggested in Fig. 42^ is adopted. The comparatively 
epol .mixture of sulphur dioxide and air is admitted through A 
to the spiu ‘0 surrounding the'eontact-tubes C and thus scihves to cool 
the latter ; at.the same time, the gases themselves become prehepted. 
The gases then pa-ss down the eontact-tulx's, and enjerge throdgh 
B largely converted to sidphur trioxide. .' ■■ • 

’T^e systemvof “heat OKchango ” just described—wherein the' 
reacting gases’ arc cooled and tlie entering gases (jre simidtaneously 
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prebe&ted—would seem to represent the ideal arrangement, and 
such an arrangsment has actually given good results at many, 
plants. Nevertheless, the interchange of heat is not easy to realize, 
owyi^ to tine bad conductivity of gaseous substanl'cs, and at some 
works other devices have been used to on.su rc a high percentage 
conversion. In many American plants, it has become yustomary 
to pass the reacting gases over a series of trayijeontaining catalyst at 
different temperatures. In the first tray the bviperatme is kept 
very high (660° C.), and the reaction Jhereforc proceeds apace until 
the equilibrium amount of sulphur trioxide is forineol; but just 
because the temperature is high, the°amount of trioxide corre¬ 
sponding Jo equilibrium conditions will not '.ij^oced about 86 per 
cent. The gas then passes on, through a codling vessel, to the second 
tray, kept at a slightly lower tempcratuiv (620' ), and thence to 
the thii'd, fourth, and fifth trays, maintained perhaps at 600°, 450° 
and 380° respectively ; at each stage tho amount of sulphur trioxide 
corresponding to equilibrium conditions increases, and the mixture 
emerges from the; last tray almost completely converted to trioxide.^ 

The contiu't material should if possible fulfil two conditions:— 

(1) The maximvm active surface of catalyst must Ire exposed to 
• tho gases, and 

(2) When the catalyst does finally become poisoned, it must be 

capaMo of being separated easily from tho vehicle, for 
^ repurification. 

In «ome pVnts, “ platinized asbestos ” is used, being mode by 
r (raking asbestos in a platinum salt solution, drying and heating until 
the salt is dccdmposec) This fulfils the first e(rndition, but not the 
second; clonsoquontly, in plants using asbestos the purification ol» 
the gases must be very efficient. In the Grillo process, nirw used 
in this ^cruntry, the finely divided platinum is suspended, nert. in 
asbesters, but in a porcrus soluble salt .such as anhydrous magnesiunr' 
stilp"Eale, obtaiSed by heating tho hydrated sulphate. This salt is 
very feathery and highly porous, nid has the advantage of bering 
soluble. Consequently^, if tho platinum becomes poiserned and 
inefficient, I her »ilt is taken from the cowbiet plant, placexl in 
vessels and treated with water. Iflse salt is dissirlved away, and tho 
platinum black is left. It is then possible ^to wash tho nlat Inure 
with hydrochloric acul and erther reagents, which ren.ovo the 
impurities. If siecessary the platinum can be diss .Ived iii arjvui 
re^ and rejirecijritated vrithout sericrus loss. 

The ccmtact ptoccaf ip found more ocomrmical for the maiiUtacture 
'of eoncdlitrated sulphsric’aeid.than the old lead chomlrcr metlvaf, 

* P. C. Zeiaberg? Tran/t. Amer. Khcirochem. Sue. 36 (191^), IHJ, '* 

M.n.—tnL. III. \ j S ' 
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in which a gaseous catalyst (oxide of nitrogen) is used. The plant 
^ is much more compact, and the process gives a (joncentrated acid 
without evaporation or distillation. Since, however, the initial 
expense of the pkitinum is a serious consideration, it is net surprising 
that attempts have been matle to use a cheaper catalyst. In 
(Germany a pro^ess was started some years ago in which a ferric 
oxide catalyst was used ; but it fs a much less active catalyst than 
])latinum, and tht? action only proceeds at a quite high temperatufe, 
(KX)" C. At this'temperature, the equilibrium ' 

2SO,'+ 0.i 2SO, 

is reached when onlj 75 per cent, of the sulphur is oridized to the 
state of trioxidc. »Thuj in the presence of the iron cillalyst, the 
reaction can never bo complete, and the ga.ses emerging from the 
contact tower contain much unoxidized sulphur dioxide. This fact 
has probably limited the employment of the jirocessl On the other 
hand, the iron oxide catalyst is cheap and does not so easily liecome 
poisoned with arsenic ; moreover, when it does become inactive, 
it can cheaply be replaced. Thus the careful cleaning of the gases 
is unnecessary. 

In the Mannheim process, w'hich, although originating in Germany, 
has been largely used in the United States, the first stage of’tho 
oxidation of dioxide to trioxide is carried out at a high temperature 
with iron oxkle as catalyst. A 60 per cent. eonveVsioii is thus 
obtained, and the gases are then cooled and purilii'd, and eau.yd to 
react further at a lower temperature, by means of j/, platiqum 
catalyst, " 

Platinum in Nitric Acid Manufacture,,' AnotluT important 
,technical operation which depends upon the action, of a' platinum 
catalyst is in the manufacture of nitric acid from ammonia; the 
process consists in passing a mixture of arnmonia gas and t.ir over 
heated platinum gauze. The reaction is exothermic, am^ Jfhen 
once the plant is in operation, the heat evolved* is sufficient to 
maintain the temperature of the gauze; in many plants, the 
‘principle of “heat exchat\go’’—alrcarly j described—has been 
adopted with success, the hot emergent gases being used to preheat 
the gases entering the plant. • ' 

' * J. R.'Partington, J. t*or, Clu-m. hid. 40 (1921), 18,'iR ;*C, H* Imisbn and 
W. Bufwell, Hoc. Chem. hid. 41 (11122), 37t. 
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east, fti, 7ft 114. 11ft. 117 
comj)le\ cyinodci. }.> 
compounds. 32, 153 
ci^ystJiljStiMiture. 17, lOit 

metal. i8, KtH 

•^.-^tallurgy, ft*l 
ml ride* 51 - 

puddled,* I Ol 

structure and proi^crlies. los 
torresUal occureence, 54 ^ 
wrought, lOl 
^Iron-stone, 57 

* • • • 

Jewellery, palindium-gold uno>H m 
252’ 

platinum m. 255 
shOlitc m, IftO ^ 

• t 

Kilns for caleimnu iruii-ore, ftl 
•' Knpck*iown ’’turnaces, 105 

• * ♦ 

La#* .• . 

Li/n?«tono fur bfaat-furnace. t>4 
Limonite, 57 ^ ^ • 

Lines of 4nagTietmfoM<»0 

, Lining af Be88i‘mer conVer^r, 80 
* of open-hearth fuma<^, 82 # 

“ Lut.xi-salte,'’ 102^ 


Mugnelic induction, 10 

method of detecting transforma¬ 
tion-points, lift, 128 
permeability, 10 
susceptibility, 11^ • 

Magnetism, 7 

Magnetite, H. 44, 54, 55, 50 
Magnetons, 15 

Mangaiu'so, elh^ct lUi iron and sUmjI, 
132, 13.% 130 
Manganese stei'ls, 130 
1 Mannheim prn<*es.s, 25H 
Martensite, 123, 125, 128. 120 
! Mc^ll (“onncHd’ioii, 25 
Mi'talWc coviTj^gs for iron. 151 
Microphotographs, xii 
Mihl HtiH'l, U5 t 
! Mill.TiU*, PSO 
Mmetfci* <ires, 5S 
■ Mixer. H3 
Moiid ))r<icess, 1S3 
Motel nu-tiil. 102 

N'etWiuk Htnictiiri'. 123, 127 
New (’ah-doman or<‘s. ISO. INS 
Niccolite, 180 
Nichronu*. 103 
Xa kel ac'ciimulat'or, 108 
alloys. 102 
ana)y(n‘al. 17ft 
liH a calal>st, 101 
(•(impoundh, 173 
isotopes. 15ft 
metal. 172 
melallurg.N. 181 
plating, I HO 
silver. 104 
Steels. Utl. 140. 104 
teiresf lal o<'(airrence, 17H 
uses, IHK 

Nn'kei-Mjrome hOs-Is, 140. 101 
Niek<‘l-nianganese steels, 141 
Nickellmg, black, 102 
.Vilric iK-id, manufacture. 25H 
Nitride of iron, fd 

’ Nitrogen. etTe' t on iron and ste<4, 5l 
135 

Nili'opnmsKhvs, 40 
Nilroso de|ivativ.#- of iron, 35 
of ruthemuiri, 205 

Octire. 154 
01i;in<'. 1>V 

Open-heurth proecss, .( 
fMord proi t^Ks, I8fi. 

Osmindium, 251 
Osmium, analytical, 242, *■?■* 

.. • ■<*ompound8, 223 
nTohil, 222 # 

^ technology, 240 • 
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OKmiuRi, tomwtial ocourronce, 247 
uflos, 253 

Oxygen, as a foc^r in rusting, 146 
ofloct on iron and steel, 134 

♦ 

Paints, prot-octive, for iron and stoel, 
150 

Palladium, analytical, 242, 244 
and hydiogen, 215 * 

as by-product of nlcUcl industry, 
186, 187 

compounds, 213 * 
in oil-hardoning, 195, 252 • 

metal, 212 

toclmology, 249 % * 

ton-ostial occurrence, 247 
uses, 252 « 

Paramagnetism, 7, 9 
Paris blue, 154 
Passivity of cobalt, 156 
of iron, 30, 148 
of mckol, 172, 189 
l*6an do St. tlillos colloid, 39 
Pearlite, 113, 123, 127 
globular or granular, 124 
Peeling of mckol deposit, 190 
Pontlanditc, 170 
Poridotito, 180 
Permanent luagnota, 13 
Phosphorus, effwt on iron and steel, 
133 

Pig-costing, 67 
Pig-iron, composition, 70 

production in blast furnace, 63 
production in electric furnace, 74 
Pigments, cobalt, 170 
iron, 154 

Piping, in ingots, 135 
Pitting (in corrosion), 151 
•in oloctrolytie deposition, 106, 190 
Placor deposits, 247, 248 
Platinoid, 194 
Platinum, analytical, 242 
luiodio behaviour, 240 
as by-product of nlckol industry, 
186, 187 

as industrial catalyst, 265 
* as inert electrode material, 238 * 

compounds, 233 ' « 

electrical deposition of, 254 
in oil-hardening, 195 
ryetak 230 

Bubstitutefc, 253,254 ^ , 

technology, 249 

ton*eatial occurrence, 247 • 

lUies, 253 

Poisoning of catalysts, 197, 217, 233, 

2f 5 • * 

Pof^l^from blast-kirnoce ilust, 7l 
‘•Praseo-saits,’’ 102 • 


Pre-heating of blast, 72 
Producer gas, 78, 79 
Prussian blue, 47, 154 
Puddled iron, 101 

Purification of coal-gaaby iron oxiae, 
153 

“ Purpureo-salts," 161 
Pyrites, 45, 64, 65, 153 
Pyrrliotite, 64, 65, 179 

Quenching, 123, 128, 139, l4^ 

Kocarburizing charge, 85 
Keducing tower (Mowd process), 184 
Rod ochre, 154 
" Red shortness," 13f 
Kotimiig " of nickel mltte, 183 
Regenerative system in blast-fur¬ 
nace, 72 

in open hearth si^eel furnace, 80 
Regulator for electric furnace, 97 
Residual magnetism, 13 
Rliodium, analytical, 242, 244 
compounds, 209 
metal, 209 
technology, 240 
teiTostial oc<-urroiu-i', 247 
Ring electrons, 15, 18 
Rmmun’s green, 170 
“ Rosoo-salts," 162 
Rust, 20, 146 , 

Ruthemmn, analytical, 242, 244 
compounds, 209 
metal, 203 

technology, 240 ^ 

tcrrestial occurrence, 247 * 

Saturation (i<»agneticj, 12 ^ * 

" Scaffolding " m blest^furtiace, 73 
Scott conm'ction, 96 
Secondary liardomn^ 143 
Segregatiem in steol ingots, 1^3, 136 
of iron m magma, 54 
S('lf-hardening steels, 138 • • 

Serpentine, contain!^ nickel, 180 
containing platinum, 247 
Settler, 182 
Shear steel, ^0 
Sidorito, 67 • 

SierAons producer, 79 • 

• steol process, 83 
Sienna (pigment), 164»* * 

Silicon, effect*on iron ond^toel, 131 
Single-phase current, |3, 25 ^ 

Sintering of iron ore, 62 
of palv.dium blt^k, 2^8 
of platinum 41a^,*232*- 
i^Jag, basics 9^ • 

'l>l4st-furna&i 67 
Slag-wool, 67 
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SmaltitOt 166 
Sorbite, 124 

Spaoe-^ttice of iron,*109 
SpathiSe, 57 

Spocil^r iron ore, 68 
Sperprlite, 248 

“Spitting” of metala containing 
oxygen, 203, 209, 212, 2;n 
Splint coal, 63 
Spongy platinum, 232 
" Stable ’ and “ metaatablc ” dia¬ 
grams of iron carbon alloys, 119 
Stainless cutlery «teel, 149 
Star connection, 23 
Stassano eloctri^ furnace, 94 
Steel, manu®cturo, 77 

structure and properties, 108 
Stellite, 169 

Stray electric cinrents an cause of 
corrosion, 162 
Sudbury ores, 178, 181, 248 
Sulphur, effect on iron and steel, 131 
Sulphuric acid mnnufecture, 163, 26r) 

Talbot process, 86 
Tanning (tawmg), iron salts in, I'>5 
Temislmraing ores, 166, 180 
Temjfler colours, 28, 125 
Tempering, 125 
Thenard’s blue. 170 
Tliermal method of detecting truns- 
formation-poinf-', IU», 128 
'AerrriW treatment of slo(4s,123 
Three-phase c^^rrent. 2:f. 25 
Tilting fu^-naces, 8t) 

TituniferdUrt iron en-s, 73. 76 
• • • 


Toughening, 125 
Transformer, 26 

Treatment of waters (for boiler , 
feeding), 148 

Troostite, 124, 128^120 • 

Tropoiiaa convertor, 88 
Tungst en skvls, 141 
TumbuU’s blue, 47* 

Tuyeres, 65, 88 
« 

Umber (pigment), 154 
Ural Mountain or*s, 247. 249 
Ura'jium in sk*ol, 141 

V'uleiuy, vanu^on, I, 7 
V'mmdmni, function in sltN'ls, 13H, 142 
Vainlyke browi'* 154 
Venetian i%d, 164 

Volatilizing tower (Mond proec>w}. 
184 

Wat<‘r-lM»ttom prodmer, 79 
Wliiti'cast iron, 114, IK* 

M'ulmanstallen .stnctniv, 127 
\\ ilhanisoirs violet, 49 
\\ rouglit iron, 101 

X ray stud) of cryKlal-strneture of; 
n, ii, and > iron. 109 
complex salts. 5 
ferric oxide, 37 

martensitic and unst.<'n)(ie steels, 
126 

^VlloU oelire, 15) 

Ziii-onmin in steel, (I) 
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METALS AND METALLIC COMPOUNDS 
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